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Lymphocytes  in  human  peripheral  blood  were  exposed  to  various 
combinations  and  sequences  of  heat,  ultrasound  and/or  ionizing  radia- 
tion and  their  chromosomes  analyzed  for  gross  chromosomal  aberrations. 

The  combined  use  of  ultrasound  and  ionizing  radiation  showed  a 
statistically  significant  increase  in  exchange  aberrations  for  the 
simultaneous  ultrasound  (3.0  W/cm  , CW,  1.1  MHz)  and  ionizing  radia- 
tion (300  and  100  rads,  Co-60,  120  rads/min)  exposures.  Ultrasouno 
used  before  or  after  irradiation  caused  no  aberrations  and  extending 
the  time  of  ultrasound  exposure  after  irradiation  had  no  effect  over 

that  of  the  ultrasound  only  during  the  radiation  exposure. 
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The  combined  use  of  43*^0  heat  (same  temperature  as  that  induced 
by  3.0  W/cm^,  CW,  1.1  MHz  ultrasound)  and  ionizing  radiation  showed 
basically  the  same  significant  results  as  the  combined  ultrasound  and 
ionizing  radiation  exposures.  In  addition,  the  combined  use  of  heat  at 
various  temperatures  (24°C(^  43°C)  and  ionizing  radiation  showed  that 
all  chromosome  aberration  types  and  the  number  of  aberrant  metaphase 
figures  increased  with  increasing  temperature. 

A statistical  comparison  of  the  heat  plus  ionizing  radiation 
and  the  ultrasound  plus  ionizing  radiation  exposures  showed  no 
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statistically  significant  difference  between  heat  or  ultrasound  for 
any  type  aberration.^ 
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Lymphocytes  in  human  peripheral  blood  were  exposed  to  various 
combinations  and  sequences  of  heat,  ultrasound  and/or  ionizing  radia- 
tion and  their  chromosomes  analyzed  for  gross  chromosomal  aberrations. 
Exposures  were  made  in  a specially  designed,  constructed  and  tested 
ultrasound  and  ionizing  radiation  exposure  system  which  allowed 
accurately  known  exposures  of  ionizing  radiation  and  ultrasound,  con- 
tinuous monitoring  of  the  temperature  and  ultrasound  exposure  in  the 
sample,  and  carefully  controlled  environmental  temperature. 

Ultrasound  alone  exposures  showed  no  chromosome  aberrations 

2 

for  exposures  as  high  as  4.0  W/cm  , CW,  1.1  MHz  for  30  minutes  and 
2 

3.0  W/cm  , CW,  1.1  MHz  for  60  minutes.  Heat  used  alone  (conductive 
heating)  showed  no  chromosome  aberrations  for  temperatures  up  to  50°C 
for  30  minute  exposure  and  43°C  for  60  minutes  exposure  with  lympho- 
cyte cell  death  occurring  in  the  range  of  43-46°C  for  30  minute 
exposure.  Ionizing  radiation  alone  (Co-60,  122  rads/min)  showed  a 
chromosome  aberration  dose  response  which  was  consistent  with  the 
recently  published  literature. 

The  combined  use  of  ultrasound  and  ionizing  radiation  showed  a 

statistically  significant  increase  in  exchange  aberrations  for  the 

2 

simultaneous  ultrasound  (3.0  W/cm  , CW,  1.1  MHz)  and  ionizing  radiation 
(300  and  100  rads,  Co-60,  120  rads/min)  exposures.  Ultrasound  used 
before  or  after  irradiation  caused  no  aberrations  and  extending 
the  time  of  ultrasound  exposure  after  irradiation  had  no  effect  over 
that  of  the  ultrasound  only  during  the  radiation  exposure. 
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The  combined  use  of  43°C  heat  (same  temperature  as  that  induced 
by  3.0  W/cm  , CW,  1.1  MHz  ultrasound)  and  ionizing  radiation  showed 
basically  the  same  significant  results  as  the  combined  ultrasound  and 
ionizing  radiation  exposures.  In  addition,  the  combined  use  of  heat  at 
various  temperatures  (24°C  43°C)  and  ionizing  radiation  showed  that 

all  chromosome  aberration  types  and  the  number  of  aberrant  metaphase 
figures  increased  with  increasing  temperature. 

A statistical  comparison  of  the  heat  plus  ionizing  radiation 
and  the  ultrasound  plus  ionizing  radiation  exposures  showed  no  statis- 
tically significant  difference  between  heat  or  ultrasound  for  any  type 
aberration. 

The  results  suggest  that  heat  or  ultrasound  when  used 
simultaneously  with  ionizing  radiation  act  in  a similar  manner  by 
increasing  the  number  of  primary  chromosome  breaks.  Heat  or  ultrasound 
used  after  ionizing  radiation  has  a much  reduced  effect  in  the  form  of 
an  increase  in  exchange  aberration  frequency. 
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I.  INTRODUCTION 


A.  Importance  of  this  Study 

Numerous  studies  have  reported  a possible  synergistic  relation- 
ship between  ultrasound  and  ionizing  radiation  [Lehmanm  and  Krusen 
(1955),  Woeber  (1959),  Dharkar  (1964),  Pydorich  (1966),  Javish  (1966), 

Kim  (1968),  Spring  (1969),  Rapachol i (1970),  Spring  et  al.  (1970),  Martins 
(1971),  Fujita  and  Sakuma  (1974),  Todd  and  Shroy  (1974),  Kunze- 
Muhl  (1975),  Burr  et  al. (1977)  and  Craig  and  Tyler  (1977)]  using  various 
plant  and  animal  cell  systems. 

If  one  accepts  that  synergism  exists  between  ultrasound  and 
ionizing  radiation  then  an  obvious  benefit  could  result  from  their  com- 
bined use  in  radiation  therapy.  In  addition,  since  ultrasound  can  be 
focused  and  ionizing  radiation  collimated,  a two  port  treatment  regime 
(see  Figure  1)  could  be  utilized  where  only  the  tumor  would  receive  the 
combined  sonation  and  irradiation.  The  surrounding  tissue  would  be 
exposed  to  ultrasound  alone  or  ionizing  radiation  alone  and  would  be 
spared  from  the  synergistic  effect. 

The  potential  beneficial  effdct  in  tumor  therapy  relates  to  the 
possible  increase  in  cell  damage  resulting  from  the  synergism.  However, 
a potentially  serious  negative  effect  may  co-exist  when  we  consider 
simultaneous  uses  of  ultrasound  and  ionizing  radiation  on  other  portions 
of  the  population.  A close  temporal  relationship  in  the  administration 
of  ultrasound  and  ionizing  radiation  is  becoming  more  widely  signifi- 
cant because  of  the  increased  use  of  ultrasound  in  medical  diagnostic 
and  therapeutic  procedures.  This  is  particularly  true  in  obstetrical 
practice  where  diagnostic  procedures  impinge  on  the  fetus.  Diagnostic 
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Ionizing  Radiation 


Figure  1.  Hypothetical  Treatment  Regime  for  the  Combined  Use  of 
Ultrasound  and  Ionizing  Radiation  in  Tumor  Therapy. 
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ultrasound  has  not  replaced  diagnostic  x-ray  examinations  or  nuclear 
medicine  techniques  but  is  often  used  as  an  additional  diagnostic  tool. 
Thus,  it  is  quite  possible  that  large  numbers  of  fetuses  are  being 
subjected  to  sonation  and  irradiation  administered  within  a short 
time  period.  If  synergism  occurs  under  these  conditions,  a number  of 
possible  detrimental  consequences,  e.g.,  an  increase  in  teratogenic, 
mutagenic  and/or  carcinogenic  effects,  might  occur. 

Both  the  positive  and  negative  aspects  of  the  possible  synergism 
between  ultrasound  and  ionizing  radiation  are  therefore  of  importance 
to  public  health.  Additional  research  is  necessary  before  one  can 
clearly  define  and  quantify  this  effect  and  thereby  predict  the  magnitude 
of  the  potential  benefit  or  hazard. 

The  object  of  this  study  is  to  evaluate  the  possible  synergy 
of  ionizing  radiation  and  ultrasound  by  determining,  under  stringently 
controlled  conditions,  whether  damage  to  the  genetic  material  of  human 
cells  is  enhanced  by  their  combined  use.  If  so,  the  study  will  also 
try  to  determine  whether  the  temporal  sequence  of  their  application 
significantly  influences  the  overall  magnitude  of  the  effect. 

B.  Background  Information 

A detailed  study  of  the  synergistic  effects  of  ultrasound  and 
ionizing  radiation  on  the  genetic  material  of  the  cell  requires  back- 
ground information  about  the  effects  of  each  agent  when  used  alone  as 
well  as  the  effect  of  their  combined  use.  In  addition,  a review  of  the 
physics  of  ultrasound  radiation  is  included  to  help  clarify  concepts 
and  terminology  that  are  not  generally  as  familiar  as  those  of  the 
ionizing  radiation  field. 
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1.  Physics  of  Ultrasound  and  Its  Interaction  with  Materials 

The  piiysics  of  ultrasonic  radiation  and  its  interaction  in 
materials  is  a very  complex  subject.  Only  the  basic  physical  principles 
pertaining  to  an  ideal  propagation  medium  and  the  resultant  general 
interactions  will  be  considered  that  will  serve  as  an  aid  to  an  under- 
standing of  the  experiments  performed.  More  detailed  discussions  of 
these  subjects  may  be  found  in  Fry  and  Dunn  (1962),  Kinsler  and  Frey 
(1962),  El'piner  (1964),  Baum  (1966),  Brown  and  Gordon  (1967),  Blitz 
(1967),  Peacocke  and  Prichard  (1968),  Interaction  of  Ultrasound  and 
Biological  Tissue  (1972)  and  Hussey  (1975). 

a.  Physics  of  Ultrasound 

(1)  Definition  of  Ultrasound 

Sound  is  a mechanical  vibratory  transmission  of  energy  through 
a medium  caused  by  the  direct  interaction  of  the  particles  of  that 
medium.  Sound,  therefore,  requires  a transmission  medium  and  cannot  be 
propagated  in  a vacuum  as  can  electromagnetic  waves.  Ultrasound  is 
sound  propagated  at  frequencies  greater  than  18  KHz.  The  general  range 
of  fre  uencies  used  in  diagnostic  and  therapeutic  ultrasonics  is  500 
KHz  to  20  MHz,  with  the  most  common  frequencies  in  the  range  of  1 to  5 
MHz. 

(2)  Basic  Wave  Properties 

The  transmission  of  ultrasonic  energy  follows  the  basic  laws  of 
physics  which  describe  the  motion  of  waves  traveling  through  a medium. 
For  simplification,  this  discussion  will  be  limited  to  the  properties 
of  pure  longitudinal  sound  waves  (with  single  frequency  and  particle 
motion  in  the  direction  of  the  flow  of  energy)  propagated  sinusoidally 
in  an  ideal  medium.  Figure  2 indicates  the  basic  wave  motion  with  the 
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basic  parameters  noted  below: 
u 


Figure  2.  Typical  Sinusoidal  Wave  Motion 

(a)  Frequency  (f) 

The  number  of  vibrations  completed  in  one  second.  The  unit  of 
frequency  is  the  Hertz  (Hz)  and  is  defined  as  one  cycle  per  second. 

(b)  Wavelength  (x) 

The  distance  between  two  consecutive  troughs  or  crests  is  the 
wavelength  and  has  units  of  cm. 

(c)  Wave  Number  (k) 

By  definition  is  2ti/x  with  units  of  cm~\ 

(d)  Angular  Frequency  (m) 

The  frequency  of  rotation  of  the  sinuosidal  function  and  defined 
as  2Trf  with  units  sec’^ 

(e)  Speed  of  Sound  (c) 

The  velocity  of  the  wave  traveling  through  the  medium  (often 
referred  to  as  the  phase  velocity).  This  speed  is  related  to  the 
frequency  and  wavelength  through  the  relationship  c = xf  and  has  the 
units  cm/sec.  The  speed  of  sound  in  a medium  is  related  to  the  thermo- 
dynamic and  physical  properties  of  the  medium  by 
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where  y = ratio  of  the  specific  heat  at  constant  pressure  to  that  at 
constant  volume 

Pq  = equilibrium  pressure  in  the  medium 
Pq  = density  in  the  medium 

(f)  Particle  Displacement  (u) 

The  displacement  of  a particle  in  the  medium  from  its  rest 
position  due  to  passage  of  the  wave  can  be  described  by  u = u^^  sin 
(wt  - kx)  where  the  maximum  displacement  is  u^^^  with  units  of  cm. 

(g)  Particle  Velocity  (v) 

The  velocity  of  the  displaced  particle  is  defined  as  the  time 

rate  of  change  of  the  displacement  v = ^ = a)U|^cos(a)t  - kx)  where 

the  maximum  velocity  is  v = oiu  with  units  of  cm/sec. 

mm 

(h)  Particle  Acceleration  (a) 

The  acceleration  of  the  displaced  particle  is  defined  as  the 

time  rate  of  change  of  the  particle  velocity  o'"  ^ ^ ~ 

2 

sin(u)t  - kx)  with  units  of  cm/sec  . 

(i ) Acoustic  Pressure  (p) 

The  displacement  of  the  particles  in  the  medium  caused  by 

passage  of  the  wave  results  in  compression  and  rarefraction  of  the 

medium.  The  resulting  pressure  changes  are  called  the  acoustic  pressure 

and  can  be  shown  to  follow  the  relationship  p = pcv  for  a pure  longi- 

2 

tudinal  wave  with  units  of  force  per  unit  area  or  dynes/cm  . 

(j)  Characteristic  Impedance  (Z) 

For  a plane,  progressive  longitudinal  wave  the  characteristic 

2 

impedance  is  defined  as  Z = p^c  with  units  of  gram/cm  -sec.  It  should 
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be  noted  that  this  is  only  true  when  the  wave  is  associated  with  a pure 
resistance.  Spherical  waves  or  standing  waves  have  other  than  resistive 
components  and  consequently  the  impedance  is  described  in  complex 

.A 

notation  as  Z = Z + jX  where  X is  the  specific  acoustic  reactance. 
Characteristic  impedance  is  a useful  tool  to  be  used  in  the  discussion 
and  modeling  for  acoustic  interactions  in  media. 

(k)  Acoustic  Energy  (E)  and  Intensity  (I) 

When  a sound  wave  travels  through  a medium  there  is  no  net  move- 
ment of  the  medium  (particles  oscillate  about  a fixed  position)  but  there 
is  a transfer  of  energy  between  particles,  which  results  in  a net  flow 
of  energy  away  from  the  sound  source.  At  any  point  in  time  the  wave  can 
be  described  in  terms  of  its  potential  energy  caused  by  particle  dis- 
placement and  kinetic  energy  caused  by  particle  velocity  with  a total 

2 

instantaneous  energy  density  of  E = pv  . The  time  weighted  average 

2 

energy  density  for  a sinusoidal  plane  wave  would  be  E = 1/2  pv^  . The 
units  of  energy  density  are  g/cm-sec. 

A much  more  commonly  used  term  in  acoustics  is  the  acoustic  inten- 
sity (I)  which  describes  the  average  power  transmitted  per  unit  area  in 

2 

the  direction  of  wave  propagation.  It  can  be  shown  that  1=1/2  pcv^ 

2 2 

for  a sinusoidal  plane  wave  and  has  units  of  erg/sec-cm  or  Watts/cm  . 

This  can  be  described  as  the  amount  of  energy  carried  by  the  wave  in 

2 

one  second  through  an  area  of  1 cm  perpendicular  to  the  direction  of 
propagation.  Acoustic  energy  and  intensity  are  related  by  I = Ec. 

(l)  Radiation  Pressure  (P^) 

An  object  having  a- characteristic  impedance  different  from 
that  of  the  medium,  when  placed  in  an  ultrasonic  field  will  be  sub- 
jected to  a net  force  on  its  surface  parallel  to  the  direction  of  the 
wave  propagation.  This  force  is  not  a consequence  of  the  flow  of  the 
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fluid  medium  (as  there  is  no  net  flow)  but  is  caused  by  a change  in 
particle  momentum  at  the  interface  of  the  dissimilar  media.  It  can  be 
shown  that  the  radiation  pressure  is  equal  to  the  energy  density.  Since 
energy  density  (E)  is  related  to  intensity  (I)  then  = I/c.  This 
relationship  is  extremely  important  because  it  provides  a method  of 
directly  determining  the  intensity  of  the  sound  wave  if  the  speed  of 
sound  in  the  medium  is  known  and  the  force  on  the  object  can  be 
measured. 

b.  Methods  of  Generating  Ultrasound 

There  are  basically  four  methods  currently  utilized  in  the 
conversion  of  electrical  energy  to  mechanical  energy  (ultrasound)  in 
the  medical  ultrasonics  applications  field.  These  include  the  magneto- 
strictive  transducer,  the  electrostatic  transducer,  the  electrodynamic 
transducer  and  the  most  common  type,  the  piezoelectric  transducer.  A 
brief  discussion  of  each  type  is  presented  below  with  particular 
emphasis  placed  on  the  piezoelectric  transducer  because  of  its  use  in 
this  study  as  an  ultrasonic  generator  and  an  ultrasonic  detector. 

(1 ) Maqnetostrictive  Transducer 

Various  ferromagnetic  materials  such  as  iron,  nickel,  cobalt 
and  a number  of  alloys  exhibit  a property  known  as  the  magnetostrictive 
effect  or  Joule  effect  which  cause  a change  in  their  length  when  sub- 
jected to  a magnetic  field.  By  varying  the  magnetic  field  at  very  high 
frequencies  the  ferromagnetic  material  can  be  made  to  oscillate  and 
generate  ultrasonic  fields.  Generally,  the  operating  frequencies  are 
limited  to  150  KHz  but  the  high  efficiency  and  consequently  high 
possible  outputs  make  them  useful  in  certain  applications. 


(2)  Electromagnetic  Transducers 
A wire  carrying  an  electric  current  experiences  a force  when 
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placed  in  a magnetic  field.  If  the  current  in  the  wire  is  alternating 
at  high  frequency  then  the  force  developed  also  alternates.  This 
alternating  force  can  be  used  to  generate  ultrasound  by  oscillation  of 
a plate  or  diaphram  just  as  is  done  with  loudspeakers  and  some  micro- 
phones. Most  electromagnetic  transducers  are  limited  to  approximately 
2 MHz . 

(3)  Electrostatic  Transducers 

Two  adjacent  metal  plates  of  opposite  charge  create  a force 
between  them.  If  the  charge  on  the  plates  is  alternated  the  forces 
will  change  and  thus  the  possible  high  frequency  oscillation  needed 
to  produce  ultrasound.  Frequencies  as  high  as  90  MHz  can  be  generated. 
Electrostatic  transducers  are  normally  used  for  low  power  applications. 

(4)  Piezoelectric  Transducers 

Certain  crystals  such  as  quartz,  barium  titanate,  lead  zirconate 
titanate,  and  lead  metaniobate  exhibit  a property  called  the  piezo- 
electric effect.  These  crystals  when  mechanically  stressed  develop 
electrical  charges  on  their  surfaces.  Conversely,  if  an  electrical 
field  is  applied  in  the  direction  of  an  axis  of  nonsymmetry  the 
crystal  will  be  mechanically  strained.  These  two  principles  allow  the 
crystals  to  be  specially  cut  and  fabricated  into  transducer  materials 
for  both  the  generation  of  ultrasound  and  the  measurement  of  ultrasound. 
The  typical  construction  of  a piezoelectric  transducer  is  shown  in 
Figure  3.  The  transducer  material  is  usually  cut  to  a specific 
thickness  in  the  shape  of  a circular  disk.  The  thickness  of  the  disk 
is  chosen  as  an  integral  number  of  one-half  wavelengths  of  the  ultra- 
sound to  be  propagated  so  that  it  will  resonate  at  its  fundamental 
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Figure  3.  Typical  Construction  of  a Piezoelectric  Transducer 
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frequency.  The  outer  face  of  the  disk  is  held  at  ground  potential  and 
the  inner  face  is  subjected  to  various  alternating  voltages.  The 
material  directly  in  back  of  the  crystal  significantly  affects  the 
output  properties  of  the  transducer  and  very  careful  design  is  per- 
formed for  different  applications.  For  applications  where  the  maximum 
energy  efficiency  (50%  electric  to  mechanical)  is  needed  and  continuous 
wave  operation  is  used,  a plain  air  backing. is  preferable  with  the 
crystal  allowed  to  resonate  at  its  fundamental  frequency.  Where  the 
application  requires  very  short  ultrasonic  pulses,  such  as  diagnostic 
procedures,  the  backing  material  must  be  highly  damping.  The  object 
is  to  produce  a single  pulse  with  very  few  oscillations  thereafter 
until  the  next  pulse.  This  damping  comes  at  the  price  of  poor 
efficiency,  generally  less  than  1%  (electric  to  mechanical). 

c.  Interaction  of  Ultrasound  with  Matter 
(1 ) Ultrasonic  Fields 

Most  ultrasonic  applications  use  a circular  transducer 
transmitting  into  a medium  by  direct  coupling  of  the  transducer  to  the 
medium.  The  distribution  of  the  ultrasonic  energy  after  leaving  the 
transducer  is  a complex  phenomenon  described  in  Figure  4.  It  should 
be  noted  that  two  distinct  regions  of  the  field  exist;  the  near  field 
and  far  field.  Within  the  near  field  the  ultrasonic  energy  remains 
fairly  well  confined  to  a volume  bounded  by  the  outer  dimensions  of 
the  transducer  but  the  intensity  is  quite  variable  depending  on 
location  in  the  volume.  The  intensity  varies  both  vertically  and 
horizontally  with  respect  to  the  field  center  line.  The  far  field  on 
the  other  hand  is  characterized  by  the  diverging  of  the  beam  with 
distance  from  the  transducer  and  a more  uniform  intensity  distribution. 
The  separation  between  the  near  and  far  fields  is  defined  as  the 
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location  of  the  last  intensity  maximum  on  the  center  line  of  the  field. 

2 

X = r /A  where  r = radius  of  the  transducer;  A = wavelength  of  ultra- 
sound; X = distance  from  transducer  to  beginning  of  the  far  field. 

Once  past  the  last  maximum  the  intensity  then  decreases  due  to 
absorption  and  dispersion  only. 

In  addition  to  the  main  ultrasound  field  or  beam  there  are 
minor  fields  called  side  lobes  (see  Figure  5).  These  side  lobes  are  of 
minor  importance  in  most  applications  because  they  contain  only  a small 
fraction  of  the  total  power  but  must  be  considered  for  small  trans- 
ducers and  at  very  low  frequencies. 

(2)  Attenuation  of  Ultrasound 

Attenuation  of  ultrasonic  energy  is  defined  as  the  loss  of 
energy  with  distance.  It  is  due  to  several  factors,  which  include 
dispersion,  diffraction,  scattering,  and  absorption. 

(a)  Dispersion 

Once  the  ultrasonic  energy  has  entered  the  far  field  of  the 
transducer  and  assuming  an  infinite  transmission  medium  the  field 
diverges  at  an  angle  e called  the  beam  width.  Where  sin  e = 1.22  A/2r 
and  r = radius  of  the  transducer.  Since  the  cross  sectional  area  of 
the  field  is  increasing  continuously  the  energy  per  unit  area  must 
decrease  continuously.  This  loss  or  decrease  in  energy  per  unit  area 
is  called  dispersion  loss. 

(b)  Scattering 

When  an  object  of  differing  characteristic  impedance  in  the 
ultrasonic  field  has  dimensions  that  are  comparable  with  or  less  than 
the  wavelength  of  the  ultrasound,  scattering  of  the  ultrasound  can 
occur.  Ultrasonic  energy  is  scattered  in  all  directions  and  the 
amplitude  of  the  scattered  waves  is  inversely  proportional  to  the 
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square  of  the  wavelength.  Therefore,  at  high  frequencies  scattering  from 
small  objects  can  produce  significant  attenuation. 

(c)  Diffraction 

When  sound  waves  meet  an  obstacle  which  is  larger  than  a wave- 
length, the  sound  will  spread  around  the  object  giving  rise  to 
diffraction.  The  waves  are  bent  and  their  direction  of  propagation 
altered  causing  a decrease  in  energy  per  unit  area. 

(d)  Absorption 

Absorption  is  the  loss  of  ultrasonic  energy  due  to  its  conver- 
sion to  other  forms  of  energy,  primarily  heat.  Absorption  has  been 
shown  to  follow  a simple  exponential  function: 


where  I = intensity  at  distance  - x 
I = intensity  at  x = 0 
« = absorption  coefficient 
x = distance  traveled  during  absorption. 

The  absorption  coefficient  is  unique  for  all  media  and  results  from  a 
number  of  distinct  absorption  mechanisms.  These  mechanisms  are 
dependent  on  the  properties  of  the  media  (temperature,  pressure, 
density,  viscosity,  etc.)  and  the  frequency  of  the  ultrasound.  The 
complexity  of  the  absorption  processes  makes  it  impossible  to  calculate 
the  absorption  coefficients  accurately  so  empirical  data  is  used. 

Most  types  of  absorption  mechanisms  fall  under  the  category  of 
relaxation  mechanisms  where  relaxation  mechanisms  involve  a loss  of 
energy  due  to  a time  lag  between  the  conversion  of  energy  to  one  form 
and  then  back  again.  This  conversion  delay  can  manifest  itself  in  many 


ways: 
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1.  Conductional  Relaxation  - losses  due  to  time  lag  in  heat 
conduction. 

2.  Thermal  Relaxation  - thermal  excitation  of  molecules  due 
to  rotation  and  vibration. 

3.  Viscous  Relaxation  - dissipation  of  energy  due  to  small 
shear  flow  at  the  time  of  compression. 

4.  Structural  Relaxation  - Movement  of  molecules  into  and  out 


of  intermolecular  spaces. 

(3)  Reflection,  Refraction  and  Transmission 
Plane  waves  incident  on  the  surface  of  an  object  which  has  a 
characteristic  impedance  (Z)  different  from  that  of  the  medium  in  which 
they  are  propagated  will  be  partially  reflected  and  transmitted.  The 


relative  values  of  each  may  be  expressed  as  the  reflection  coefficient 

^ ^t 

I*  = and  the  transmission  coefficient  = -?-  where  I . is  the  incident 
r i.  t 1^.  1 

intensity,  = reflected  intensity  and  = transmitted  intensity.  It 

then  follows  that  4 + it*  = 1 . These  values  can  be  better  visualized 
r t 

in  Figure  6. 


Figure  6.  Plane  Waves  Normally  Incident  to  a Single  Interface 
For  a plane  wave  of  normal  incidence  it  can  be  shown  that 


u 


For  a plane  wave  at  other  than  normal  incidence  it  can  be  shown  that 

42^Z2Cose.  cose^ 

^t  ~ 2 

(Z2cos0^.  + Z^cose^) 

where  the  angles  e are  defined  in  Figure  7. 

normal 


Figure  7.  Plane  Waves  at  Other  than  Normal  Incidence  to  a Single 
Interface 

The  angles  e may  be  calculated  from  the  simple  law  of  refraction 

sine^.  c^ 
sine^  ~ C2 

where  c-j  = speed  of  sound  of  medium  1 
C2  = speed  of  sound  of  medium  2 
Special  cases  of  these  general  equations  are  of  interest 

1 . When  Z^  = Z2  <|>^  = 1 

2.  When  Z^  » Z2  or  Z2  » then  ()>^ — ► 0 

3.  Even  if  Z^  f 1^  but  Z2Cose^.  = Z^cose^,  then  (|)^.  =1,  where 
angle,  e^,  is  the  angle  of  intromission. 

c? 

4.  When  sine^  = — , for  c^  < C2.  then  (j>^  -*•  0,  where  angle, 

, is  the  critical  angle. 
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The  above  equations  and  analysis  only  apply  to  simple  single  interface 
problems  and  cannot  be  used  to  analyze  complex  multi -interface  problems 
There  are  complex  methods  available,  however,  which  can  be  used  to 
analyze  multiple  interface  problems  but  they  will  not  be  discussed 
here  [Beranek  and  Work  (1949)].  It  is  beneficial,  however,  to  briefly 
discuss  a simple  two  interface  analysis  because  it  points  out  several 
important  facts  that  are  necessary  for  the  understanding  of  multi-inter 
face  problems  and  the  design  of  biological  sample  holders.  Consider 
the  configuration  of  Figure  8. 


Figure  8.  Plane  Waves  Normally  Incident  to  a Two  Interface  System 


It  can  be  shown  that: 


^^1^3 


(Z^  + 13)^  + sin^(k20[ 


(Z^2  - 2^3) 


2^ 


] 


Special  cases  of  this  equation  are  of  interest. 

1.  if  Z,  = Z,  = Z,  then  41  = 1 no  interface  case. 

2.  if  Z,  = Z-  then  41*  = which  is  the  simple  single 

interface  problem. 

3.  if  we  make  i very  small  where  k2ii.-»0,  then  = 1 

This  shows  that  a very  thin  interface  acts  as  if  there  is  no  interface. 
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2 

4.  if  sin  (k2*.)  —♦0  keeping  a finite  value  for  z then  (ji^  = 1 
when  i = For  interface  thicknesses  which  are  equal  to  integral 
numbers  of  half  wavelengths  we  get  perfect  transmission  (assuming  no 

loss  due  to  absorption). 

2 

5.  if  sin  (k2t)  — ^ 1 we  can  get  (t>^  = 1 by  fixing  the  values 

n \ y 

of  t = and  adjusting  the  impedances  of  the  medium  to  Z2  = v' 

This  is  called  quarter  wavelength  matching  where  we  select  the 
impedances  of  the  mediums  so  as  to  get  perfect  transmission. 

These  special  cases  show  that  in  a multi-interface  problem  there  is  an 
interaction  between  all  interfaces  based  on  not  only  their  impedance 
but  the  wavelength  and  the  thickness  of  that  medium. 

(4)  Standing  Waves 

Up  until  this  point  in  the  discussion  all  waves  have  been  con- 
sidered to  be  of  the  progressive  type  propagated  into  an  infinite 
environment.  In  real  life  situations  we  must  always  deal  in  a bounded 
medium  which  means  that  a portion  of  all  propagated  waves  must  be 
reflected  back  upon  itself.  The  interaction  of  the  forward  and  back- 
ward running  wave  causes  superimposition  of  waves,  resulting  in  con- 
structive and  destructive  interference.  The  result  is  the  formation  of 
standing  wave  patterns  in  the  bounded  medium.  Depending  on  the  phase 
of  the  reflected  wave  and  the  reflection  coefficient  of  the  boundary, 
the  standing  wave  will  vary  in  amplitude  with  maximum  values  at  the 
anti-nodes  and  minimum  values  at  the  nodes.  A simple  index  used  to 
indicate  the  relative  degree  of  standing  waves  is  the  standing  wave 
ratio  (SWR)  which  is  defined  as: 

^max 
^min 


SWR  = 
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where  P , = acoustic  pressure  at  the  anti-mode 

max 

= acoustic  pressure  at  the  node 
min 

A SWR  = 1 means  that  there  is  no  reflected  wave. 

d.  Physical  Effects  of  Ultrasound 

(1 ) Cavitation 

At  higher  levels  of  ultrasonic  intensity  the  alternating  com- 
pression and  rarefraction  of  the  medium  causes  small  cavities  of  gas  to 
form.  These  cavities  can  collapse  violently  if  the  intensity  is  large 
enough,  sending  shock  waves  through  the  medium.  In  addition,  very 
high  (2000°K)  temperatures  may  occur  at  the  cavitation  site.  These 
adverse  conditions  have  been  shown  to  cause  chemical  reactions 
including:  oxidation,  reduction,  degradation  and  synthesis  of  inorganic 
and  organic  substances,  polymerization,  and  intermolecular  regrouping. 

Another  type  of  cavitation,  called  stable  cavitation,  has  also 
been  shown  to  produce  chemical  interaction.  Stable  resonance  bubbles 
produced  by  the  rarefraction  do  not  collapse  but  pulsate  at  the 
frequency  of  the  ultrasonic  radiation.  These  bubbles  present  adverse 
conditions  for  chemical  systems  including  high  temperatures  and  pressure 
extremes,  which  create  changes  in  structure. 

(2)  Microstreaminq  and  Eddy  Formation 

The  interaction  of  the  ultrasonic  field  with  objects  of 
differing  characteristic  impedance  cause  the  formation  of  microstreaming 
and  eddys.  The  forces  produced  by  this  distortion  of  the  field  have 
been  analyzed  in  detail  and  are  too  complex  to  discuss  here.  Such 
forces  as  Bernoulli  forces  where  particles  are  attracted  to  each  other 
by  hydrodynamic  flow,  Oseen  Forces  caused  by  distortion  of  the  wave  by 
the  media,  and  Stokes  Forces  due  to  particle  interactions  are  among 
those  produced.  These  forces  are  responsible  for  intercellular 
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movement  and  shear  force  which  have  been  shown  to  result  in  significant 
biological  effects. 

(3)  Heating  of  Medium 

The  absorption  of  ultrasonic  energy  by  the  medium  results  in  a 
conversion  of  ultrasonic  energy  from  mechanical  to  heat.  Two  types  of 
heating  are  known  to  exist  in  the  medium-average  or  gross  heating  of 
the  medium  and  instantaneous  or  excess  heating.  The  instantaneous 
heating  of  the  medium  caused  by  the  fluctuation  in  ultrasonic  pressure 
can  be  shown  to  follow  the  relationship: 

(y  DpTq 

T = 2 

pc 

where  t = the  instantaneous  temperature 

Y = ratio  of  specific  heat  at  constant  volume  to  specific  heat 
at  constant  pressure 
Tq  = ambient  temperature  of  medium 
p = peak  acoustic  pressure 

Note  that  at  a highly  reflective  interface  the  value  of  t can  be  twice 
as  large,  due  to  a possible  doubling  of  the  peak  pressure  at  the  nter- 
face. 

The  average  temperature  increase  in  the  medium  caused  by  the 
absorption  of  the  ultrasonic  energy  can  be  shown  to  follow  the  relation- 
ship: 


dt  ~ ps 

where  ^ = time  rate  of  change  of  the  temperature 
s “ specific  heat  of  the  medium 
« = absorption  coefficient. 
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This  equation  shows  the  rate  at  which  the  temperature  would  increase  in 
a lossless  system.  In  actuality,  the  temperature  would  rise  to  an 
equilibrium  state  where  the  heat  flowing  from  the  medium  wou''d  equal 
the  heat  input  due  to  ultrasound. 

e.  Ultrasound  Dosimetry 

Ultrasound  dosimetry  involves  not  only  the  measurement  of  the 
average  ultrasound  intensity  but  the  total  characterization  of  the 
ultrasound  field.  Such  parameters  as  peak  intensity,  pulse  rate,  pulse 
width,  frequency,  intensity  distribution  in  the  field,  acoustic 
pressure,  standing  wave  ratio,  etc.,  all  combine  to  characterize  the 
total  ultrasound  field.  A large  number  of  dosimetry  systems  have  been 
developed  to  measure  various  parameters  of  the  ultrasonic  field.  These 
systems  include:  thermal  methods  such  as  calorimetry,  volumetric 
expansion,  thermocouples  and  liquid  crystals;  optical  methods  such  as 
diffraction,  refraction,  and  Schlieren;  mechanical  systems  such  as 
radiation  balances,  vane  deflection  and  hanging  ball  radiometers;  and 
electrical  methods  such  as  condenser  microphones,  piezoelectric  trans- 
ducers, maqnetostrictive  transducers,  and  electrostatic  transducers. 

All  of  these  systems  are  described  in  detail  in  the  referenced  physics 
of  ultrasound  texts.  Only  those  systems  which  were  utilized  in  this 
research  will  be  discussed,  namely  the  hanging  ball  radiometer  and  the 
piezoelectric  transducer. 

(1)  Hanging  Ball  Radiometer 

Figure  9 shows  the  basic  components  of  a hanging  ball  radio- 
meter. Radiation  pressure  discussed  previously  causes  deflection  of 
the  suspended  ball  and  measurement  of  the  deflection  distance  is  an 
indication  of  the  intensity  of  the  ultrasound  through  the  following 
equation. 


Figure  9.  Hanging  Ball  Radiometer  Calibration  Method 
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xg  c (m  - tn) 

I . 5-5— 

IT  a £ 

where  x = deflection  of  wire 

t = length  of  wire  from  fulcrum  to  x 
g = acceleration  of  gravity 
c = speed  of  sound 
m^  = mass  of  the  sphere 

m = mass  of  the  water  displaced  by  the  sphere 
a = radius  of  the  sphere. 

Very  small  spheres  may  be  used  in  this  system  with  the  result  that  the 

intensity  distribution  in  the  beam  may  be  plotted.  Care  must  be  taken 

to  avoid  streaming  or  eddy  interference,  standing  waves  or  cavitation 

2 

bubbles.  Intensities  as  low  as  2 mW/cm  have  been  measured  with  3% 
accuracy.  This  is  becoming  the  most  accepted  method  for  calibration 
because  of  its  simplicity  and  accuracy  and  is  being  used  as  a primary 
standard  in  many  applications  [Dunn  and  Fry  (1971),  Stockdale  and  Hill 
(1976),  and  Takaki  and  Yosioka  (1969)]. 

(2)  Piezoelectric  Transducer 

The  piezoelectric  transducer,' which  has  been  discussed  pre- 
viously, can  be  used  as  an  ultrasound  dosimeter.  The  piezoelectric 
crystal  responds  to  acoustic  pressure  changes  and  the  voltage  induced 
is  directly  proportional  to  the  pressure  and  directly  proportional  to 
the  square  root  of  the  intensity.  All  crystals  are  frequency  sensi- 
tive due  to  their  resonance  effects  and  must  be  calibrated  against 
another  standard  for  each  frequency  used.  In  addition,  the  orienta- 
tion of  the  crystal  to  the  direction  of  propagation  of  the  ultrasound 
is  critical  for  larger  crystals.  When  the  crystal  approaches  the  size 
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of  one  wavelength  of  the  ultrasound  then  this  orientation  effect  is 
greatly  diminished.  There  are  presently  very  small  piezoelectric  probes 
available  commercially  that  satisfy  this  requirement.  The  small  size  of 
the  probe  allows  detailed  mapping  of  the  ultrasound  fields. 

2.  Chromosome  Aberrations 

a.  Chromosomes  and  the  Cell  Cycle 

Chromosomes  are  nucl eoprotein  complexes  located  within  the 
nucleus  of  the  cell  which  contain  the  genetic  code  for  all  cell 
functions.  The  major  chemical  components  of  the  chromosome  are  DNA, 

RNA,  non-histone  proteins  and  histones  as  supporting  structures.  The 
accepted  structure  of  the  chromosome  is  the  Watson  and  Crick  model  of  two 
helical  strands  of  DNA  surrounded  by  its  supporting  structure  of  non- 
histone and  histone  proteins.  The  configuration  of  the  chromosomes 
in  the  nucleus  depends  on  the  stage  of  the  cell  cycle.  During  , 
the  chromosomes  are  extended  throughout  the  nucleus  in  a random 
fashion  and  are  not  recognizable  as  individual  bodies  under  the  light 
microscope.  During  synthesis  (S),  the  chromosome  is  duplicated  with 
the  configuration  now  composed  of  two  sister  chromatids  connected  at 
a centromere.  During  G2.  the  extended  doublet  configuration  continues 
with  the  cell  manufacturing  those  materials  necessary  for  the  final 
stage  called  mitosis  (M).  These  premitotic  stages  are  collectively 
called  interphase. 

During  mitosis,  a major  reorganization  of  the  cell  and  nucleus 
take  place  with  the  condensation  of  the  chromosomes  into  more  compact 
structures.  This  condensation  proceeds  during  prophase  and  culminates 
with  the  chromosomes  reaching  maximum  condensation  and  alignment  at 
metaphase.  During  metaphase  and  late  prophase  the  chromosomes  become 
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compact  enough  to  be  visible  under  the  light  microscope,  if  properly 
stained,  and  appear  as  shown  in  Figure  10  for  the  human  cell. 

The  individual  chromosomes  separate  from  each  other  by  division 
of  the  centromere  during  anaphase  producing  two  daughter  chromosomes 
which  go  to  opposite  poles  of  the  cell.  Finally  the  cytoplasm  divides 
at  telophase  and  the  chromosomes  return  to  their  extended  form  to  begin 
the  cell  cycle  again  at  . Detailed  discussions  of  the  structure  of 
the  chromosome  and  its  functions  can  be  found  in  Loewy  and  Siekevitz 
(1969),  Garber  (1972)  and  DeRobertis  et  al.(1975). 

b.  Chromosome  Aberrations  - General 

Aberrations  or  alterations  in  the  normal  structure  of  the 
chromosome  can  be  caused  by  many  insults  on  the  cell.  Structural 
abnormalities  arise  due  to  the  breaking  of  chromosomes  at  several 
locations  and  the  cells'  attempt  to  repair  the  breaks.  If  the  cell  can 
repair  the  break  by  reconnecting  the  two  related  segments,  then  there 
will  be  no  visible  aberration  present.  If,  however,  there  is  no  repair, 
or  the  repair  takes  place  between  two  unrelated  chromosome  segments, 
then  the  resulting  configuration  will  be  aberrant  in  some  way.  There 
is  some  question  as  to  the  exact  mechanisms  involved  with  the  breaking 
of  the  chromosomes  (actual  fracture  of  DNA,  disruption  of  histone  coat 
causing  DNA  separation,  or  separation  during  the  cells  attempt  to  repair 
the  damage)  but  indeed  they  can  he  shown  to  break  into  well  defined 
segments  after  an  injult.  These  breaks  may  take  the  form  of  single 
strand  breaks  where  only  one  strand  of  DNA  is  fractured  or  double 
strand  breaks  where  both  DNA  strands  are  broken. 

The  cell  attempts  to  repair  the  breaks  through  very  complex 
mechanisms  of  excision  of  the  damage  and  re-synthesis  of  broken  or 
missing  materials  [Fox  and  Lajtha  (1973)]  with  the  majority  of  repair 
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Figure  10.  Normal  Human  Karyotype  (female). 
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occurring  within  minutes  of  the  insult.  Estimates  of  the  mean  time  to 
repair  radiation-induced  chromosome  damage  range  from  12  minutes  [Dewey 
et  al.  (1971)]  to  5 or  6 hours  [Evans  (1967)]  with  the  most  accepted 
value  falling  between  1 to  3 hours  [Elkind  and  Sinclair  (1965),  Prempree 
et  al.  (1969)].  The  majority  of  the  single  strand  DNA  breaks  are 
properly  repaired  with  no  aberrations  present  but  a small  percentage 
of  double  strand  DNA  breaks  result  in  aberrations  due  to  improper  repair 
or  no  repair. 

The  types  of  aberrations  that  are  seen  in  cells  are  determined 
by  the  type  of  insult  and  the  time  during  the  cell  cycle  that  it  occurs. 
Because  our  interest  in  this  study  is  in  irradiation  of  human  lympho- 
cytes at  Gq,  a description  of  aberrations  will  be  limited  to  those  which 
may  result  from  irradiation  at  G^.  At  G^  the  cell  is  resting  and  not 
normally  dividing,  therefore,  the  chromosome  is  in  its  extended  con- 
figuration. The  types  of  aberrations  that  could  be  found  when  the  cell 
is  viewed  at  metaphase  after  an  insult  at  G^  are  shown  in  Figure  11. 

The  major  types  of  aberrations  are  acentric  fragments,  minutes,  dicen- 
trics and  centric  rings.  Other  aberrations  occur  such  as  inversions, 
but  these  can  not  be  recognized  at  metaphase  unless  a banding  technique 
is  utilized  and  a karyotype  is  performed.  These  aberration  types  can 
be  further  categorized  into  exchanges  (dicentrics  plus  centric  rings) 
which  represent  the  misrepaired  or  improperly  repaired  chromosomes  and 
the  deletions  (acentric  fragment  plus  minutes)  which  represent  the  non- 
repaired chromosomes.  It  should  be  noted  that  deletions  are  only 
those  acentric  fragments  and  minutes  which  are  not  associated  with  an 
acentric  ring  or  dicentric. 


30 


c.  Chromosome  Aberrations  from  Exposure  to  Ionizing  Radiation 

It  has  been  known  for  many  years  that  ionizing  radiation  causes 

chromosome  aberrations.  Many  detailed  studies  have  been  conducted 

using  human  lymphocytes  to  determine  the  types  of  aberrations  and  the 

effects  of  such  variables  as  dose  rate  and  quality  of  radiation  [Evans 

(1967),  Brewen  et  al.  (1972),  Lloyd  et  al.  (1975),  and  Purrott  and  Reeder 

(1976)].  These  studies  have  shown  that  when  cells  in  or  are 

exposed  to  low  LET  radiation,  the  resulting  aberration  yields  follow 

2 

the  mathematical  relationship  of  Y = C + aD  + bD  where  Y = aberration 
yield  (aberration/100  cells),  D = dose  in  rads,  C = background  level 
of  aberrations,  and  a and  b are  constants.  This  relationship  has 
been  found  to  hold  true  for  both  one  hit  and  two  hit  aberrations  as  well 
as  deletions.  It  has  also  been  shown  that  the  dose  rate  and  LET 
affect  the  B constant  more  than  the  a constant,  resulting  in  larger 
numbers  of  dicentrics  and  centric  rings  for  higher  dose  rates  and  LET. 

The  referenced  studies,  also,  point  out  that  specific  pre- 
cautions should  be  taken  when  performing  chromosome  analysis  on  human 
lymphocytes  in  vitro.  The  following  items  must  be  considered: 

(1)  All  exposures  must  be  accomplished  at  37°C  to  avoid 
inconsistent  aberration  yields.  Exposure  temperature  and  the  tempera- 
ture during  the  chromosome  damage  repair  time  are  critical.  [Bajerska 
and  Liniecki  (1969)  and  Bora  and  Soper  (1971)]. 

(2)  The  degree  of  blood  oxygenation  has  an  effect  on 
the  aberration  frequencies.  Freshly  drawn  venous  blood  yields  lower 
aberrations  than  oxygen  saturated  blood  (Liniecki  et  al.  (1973)). 

(3)  Irradiation  in  the  whole  blood  state  yields  more 
consistent  results  than  exposure  in  culture  medium  especially  if  the 
medium  contains  the  mitogenic  agent  Phytohemaglutinin  (PHA) 
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[Lloyd  et  al  (1975)]. 

(4)  The  total  incubation  time  for  cultures  is  critical 
because  incubation  periods  of  longer  than  54  hours  results  in  some 
cells  passing  through  their  first  mitosis.  A significant  change  in 
aberration  yield  has  been  noted  because  of  the  loss  of  certain  cells 
and  chromosome  fragments  during  the  passage  through  mitosis  (Buckton 
and  Evans  (1973)). 

d.  Chromosome  Aberrations  from  Exposure  to  Ultrasound 
(1 ) Early  Studies 

The  investigation  of  chromosome  aberrations  in  sonated  cells 

was  stimulated  by  the  experiments  of  Yamaha  and  Ueda  (1939)  when  they 

discovered  chromosome  aberrations  in  the  root  tips  of  Vicia  faba 

sonated  with  ultrasound  from  physical  therapy  equipment.  Subsequent 

investigations  on  various,  plant  species  at  intensities  used  in 

2 

physical  therapy  (.5-5  W/cm  ) by  Wallace  and  Bushnell  (1948),  Wallace 
et  al.  (1948),  Newcomer  and  Wallace  (1949),  Asche  (1951),  Spencer 
(1952),  Selman  (1952),  Lehmann  et  al.  (1954),  and  Newcomer  (1954)  showed 
similar  results.  Damage  to  the  reported  species  included  chromosome 
and  chromatid  breaks,  chromosome  fusions,  coagulations,  uncoiling, 

2 

nuclear  dislocation  and  necrosis.  A damage  threshold  of  between  1 W/cm 
2 

and  10  W/cm  was  noted.  No  relationship  between  total  energy  delivered 
to  the  cells  or  frequency  of  irradiation  was  seen.  Possible  causes  of 
this  damage  which  were  considered  included  heating,  cavitation  and 
mitotic  interference  and  various  studies  were  undertaken  to  evaluate 
these  etiologic  theories. 

Selman  (1952)  found  that  increasing  the  external  pressure  on 
the  sonated  sample,  reduced  the  cavitation  effect  and  reduced  the 
chromosome  damage.  Lehmann  et  al.  (1955)  and  Spencer  et  al.  (1952), 
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however,  showed  that  there  was  no  difference  in  chromosome  damage  when 
cavitation  was  suppressed  by  imbedding  root  tips  in  an  agar  gel.  Dyer 
(1965)  used  a 80  KHz  vibratory  needle  to  irradiate  selectively  the 
nucleus  of  the  cells  of  a special  strain  of  moss  and  found  that  there 
was  a breakage  of  the  mitotic  spindle  leading  to  chromatid  aberrations. 
Slotova  et  al.  (1967)  continued  the  work  with  Vicia  faba  root  tips  and 
found  a decrease  in  mitotic  activity  with  more  breaks  in  small  chromo- 
somes than  in  large  chromosomes.  They  also  noted  that  the  numbers  of 
aberrations  decreased  with  time  after  exposure,  suggesting  a repair 
mechanism.  Angul io-Carpio  and  Orellans  (1951)  and  Dubrow  (1949)  also 
noted  chromosome  rearrangement  after  a suitable  recovery  time. 

During  this  time  of  intensive  research  using  plant  tissue, 
several  investigators  performed  studies  on  amphibians  [Bessler  (1952)] 
and  on  mammals  [Woeber  (1951)  and  Pourhardi  et  al.  (1965)]  at  physical 
therapy  doses.  These  studies  confirmed  that  doses  similar  to  those 
which  cause  chromosome  damage  in  plant  tissue  are  capable  of  producing 
chromosome  damage  in  other  species. 

(2)  Recent  Studies 

Beginning  in  the  late  1960's,  considerable  interest  was 
generated  concerning  the  biological  effects  from  ultrasound  exposure 
because  of  its  increasingly  wide  spread  use  for  medical  diagnostic 
purposes.  Hill  (1968)  reviewed  the  literature  concerning  the 
potential  for  ultrasound  damage  at  that  time  and  suggested  increased 
study  on  the  area  of  human  exposures,  in  particular,  exposure  to  the 
fetus  during  diagnostic  prgcedures.  From  1967  onward,  numerous 
studies  have  been  performed  to  determine  the  presence  of  chromosome 
damage  in  human  tissues  from  exposure  to  ultrasound.  A listing  of  a 
number  of  these  studies  is  presented  in  Table  1 with  pertinent  exposure 


Table  1 
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data  and  results. 

Of  the  26  referenced  studies  only  six  showed  significant  chromo- 
some aberrations.  Of  these  six,  three  were  at  exposure  levels  where 

2 

cavitation  effects  predominate  (greater  than  1 W/cm  ) and  have  been 
shown  to  cause  chromosome  damage  in  other  species  [Coakely  et  al.  (1971), 
Fischmann  et  al.  (1972),  and  Abdulla  et  al.  (1972)].  Of  the  three  studies 
showing  chromosome  damage  at  lower  exposure  levels,  one  has  questionable 
findings  due  to  lack  of  control  data  [Serr  et  al.  (1970)],  and  the 
other  two  have  been  criticized  for  the  dosimetric  methods  utilized  in 
the  study  [Macintosh  and  Davey  (1970)  and  Macintosh  and  Davey  (1972)]. 
This  leaves  no  conclusive  evidence  about  the  occurrence  of  chromosome 
damage  at  low  intensity. 

(3)  Conclusions 

This  large  volume  of  data  appears  to  support  the  conclusion 

2 

that  high  levels  of  ultrasound  (>  10  W/cm  ) can  cause  chromosome 

. 2 

aberrations  in  some  cell  systems.  Between  1.0  and  10  W/cm  there  is 

an  area  of  uncertainty  where  the  effects  are  not  as  clear  and  below 
2 

1.0  W/cm  there  are  few  reports  of  chromosome  damage  at  all.  No 
mechanism  has  been  proven  to  be  responsible  for  the  damage,  but 
cavitation  which  appears  to  coincide  with  the  onset  of  effects  has 
been  suggested  as  a possible  mechanism. 

3.  Synergism  of  Ultrasound  and  Ionizing  Radiation 

From  the  previous  discussion  it  can  be  seen  that  the  literature 

2 

suggests  that  ultrasound  used  alone  at  lower  intensities  ( <1  W/cm  ) 
probably  causes  no  chromosome  aberrations  and  ionizing  radiatici  used 
alone  at  any  level  produces  predictable  quantities  and  types  of  chromo- 
some aberrations.  What  then  is  the  effect  on  chromosomes  if  both 
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ultrasound  and  ionizing  radiation  are  used  simultaneously,  as  they  may 
be  in  medical  diagnostic  problems  involving  the  fetus  in  particular,  as 
well  as  older  members  of  the  population? 

The  answer  to  this  question  is  not  clear  because  to  date  very 
few  studies  have  shown  that  a synergistic  effect  between  ultrasound  and 
ionizing  radiation  exists  at  the  chromosome  level.  Numerous  studies 
have  shown,  however,  that  synergism  does  exist  at  the  cellular  level 
and  these  studies  have  suggested  that  the  genetic  material  of  the  cell 
is  affected.  It  is  beneficial,  therefore,  to  review  the  literature 
concerning  the  synergism  of  ultrasound  and  ionizing  radiation  to  deter- 
mine what  is  presently  known  concerning  the  effects  on  chromosomes. 

a.  General  Effects 

The  possibility  of  a synergistic  effect  between  ultrasound  and 
ionizing  radiation  was  suggested  initially  by  Conger  (1948)  who 
observed  an  increase  in  the  number  of  chromosome  aberrations  in 
Tradescantia  buds  when  x-irradiation  was  followed  immediately  by 
exposure  to  high  intensity  sound  waves.  Since  that  time,  interest  in 
the  possible  use  of  ultrasound  and  ionizing  radiation  in  tumor  therapy 
stimulated  studies  on  mammalian  tumor  systems  by  Lehmann  and  Krusen 
(1955),  Woeber  (1959),  Pydorich  (1966),  and  Clark  et  al.  (1970).  All 
studies,  with  the  exception  of  that  of  Clark  et  al.  (1970),  show  a 
definite  synergism  between  ultrasound  and  ionizing  radiation. 
Significantly  less  ionizing  radiation  was  required  to  achieve  the 
same  biological  end  point  when  used  simultaneously  with  ultrasound. 
Additional  studies  conducted  using  other  plant,  animal  and  human  cell 
systems  [Dharkar  (1964),  Javish  (1966),  Kim  (1968),  Spring  (1969), 
Rapacholi  (1970),  Martins  (1971),  Spring  et  al.  (1970),  Fujita  and 
Sakuma  (1974),  Todd  and  Shroy  (1974),  Kunze-Muhl  (1975),  Hering  and 
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Shepstone  (1976),  Burr  et  al.  (1977),  and  Craig  and  Tyler  (1977),  Harkanyi 
et  al.  (1978)]  all  showed  some  degree  of  synergistic  effect  with  the  excep- 
tion of  that  of  Hering  and  Shepstone  (1976)  and  Harkanyi  et  al,  (1978). 

A summary  of  these  studies  is  presented  in  Table  2. 

These  studies  suggest  that  some  type  of  synergistic  effect 
between  ultrasound  and  ionizing  radiation  exists  but  the  mechanism(s) 
responsible  for  this  effect  are  as  yet  not  known.  The  results  of  these 
studies  do,  however,  indicate  several  important  facts: 

1.  The  cell  membrane  appears  to  be  a possible  site  of  damage 
enhancement  [Martins  (1971),  Rapachoti  (1970)]. 

2.  The  genetic  material  of  the  cell,  i.e.,  chromosomes  and 
DNA,  may  be  the  site  of  damage  enhancement  [Conger  (1948),  Martins 
(1971),  Kim  (1968),  Burr  et  al.  (1977),  Kunze-Muhl  (1975)]. 

3.  The  synergistic  effect  is  evident  even  in  situations  where 
ultrasound  alone  causes  no  detectable  effect  [Spring  (1969),  Todd 

and  Schroy  (1974),  Martins  (1971),  Conger  (1948),  Kim  (1968),  Kunze- 
Muhl  (1975),  Burr  et  al.  (1977),  Craig  and  Tyler  (1977),  Fugita  and 
Sakuma  (1974)]. 

4.  Synergism  has  been  shown  when  ionizing  radiation  exposure 
is  followed  by  cell  vibration  or  centrifugation,  suggesting  mechanical 
disruption  of  cellular  components  as  a possible  mechanism  [Conger  (1948)]. 

5.  Ultrasound  used  after  ionizing  radiation  appears  to  be  a 
more  effective  radiosensitizer  than  when  used  before  radiation 
suggesting  an  effect  on  the  cellular  repair  mechanisms  [Martins  (1971)J. 
Kim  (1968),  Kunze-Muhl  (1975),  Burr  et  al.  (1977),  Craig  and  Tyler 
(1977),  Fugita  and  Sakuma  (1974)]. 

6.  No  effect  of  ultrasound  frequency  has  been  noted  but  a 
possible  ionizing  radiation  dose  rate  effect  was  noted  [Spring  et  al 
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(1970)]. 

b.  Synergism  for  Chromosome  Aberrations 

Literature  concerning  the  synergistic  effects  of  ultrasound  and 

ionizing  radiation  on  chromosomes  is  very  limited  with  only  five  studies 
available  [Conger  (1948),  Kim  (1948),  Kunze-Muhl  (1975),  Burr  et  al.  (1977) 
and  Harkanyi  et  al.  (1978)].  All  of  these  studies  have  shown  a synergistic 
effect  when  ultrasound  and  ionizing  radiation  are  combined  except 
Harkanyi  et  al.  (1978).  Details  of  each  study  are  presented  below. 

Conger  (1948)  found  1.27  times  as  many  two  hit  aberrations  and 
1.26  times  as  many  one  hit  aberrations  in  Tradescantia  paludosa  when 
high  intensity  sound  (9100  Hz-CW)  was  used  simultaneously  with  250  kVp 
x-rays  at  78  rads/min.  Sonation  was  started  with  the  irradiation  and 
continued  for  5 minutes  after  completion  of  the  250  rad  dose. 

Exposures  were  made  at  18°C  in  a sonic  cup  and  the  sound  power  level 
was  not  measured  but  reported  as  30  V on  the  transducer.  The  sonic 
treatment  alone  caused  no  chromosome  aberrations.  Conger  suggests 
that  the  increase  in  aberrations  may  be  due  to  the  mechanical  movemerit 
of  the  chromosome  fragments  resulting  in  a decrease  in  the  amount  of 
restitution  and  an  increase  in  the  amount  of  detectable  new  reunions 
(exchanges).  He  hypothesized  that  the  synergistic  effect  might  be 
increased  with  the  use  of  ultrasonic  waves  (much  higher  frequency). 

Kim  (1968)  went  several  steps  farther  in  investigating  the 

synergistic  effect  on  chromosomes  by  exposing  human  whole  blood  to 
2 

3 W/cm  , CW,  80  KHz  ultrasound  at  various  doses  of  200  kVp  x-rays 

at  44.67  rads/min.  He  exposed  the  blood  in  glass  ampules  which  were 

rotated  and  moved  up  and  down  in  front  of  the  ultrasonic  transducer 

resulting  in  a true  average  intensity  in  the  blood  of  much  less  than 
2 

3 W/cm  . Blood  was  cultured  for  72  hours,  harvested  and  scored  for 
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aberration  yields.  Specific  experiments  showed  a significantly  greater 
number  of  one  hit  and  two  hit  type  aberrations  when  10  minutes  of  ultra- 
sound was  applied  immediately  after  50,  lOO,  and  200  rads  of  x-rays. 

There  appeared  to  be  no  effect  of  ionizing  radiation  dose  rate  over 
that  of  the  x-ray  alone.  Increasing  the  ultrasound  exposure  time  to  20 
minutes  did  not  significantly  affect  the  results,  nor  uid  delaying  the 
application  of  the  ultrasound  by  2 hours  and  keeping  the  x-ray  exposed 
blood  at  5°C.  Since  most  repair  processes  are  known  to  be  inhibited, 
if  not  completely  stopped  at  5°C,  it  was  suggested  by  Kim  that  the 
ultrasound  interferred  with  the  radiation  repair  process. 

Kunze-Muhl  (1975)  reported  the  results  of  Kim  (1968)  and  several 
additional  experiments.  Using  the  ultrasound  and  ionizing  radiation 
exposure  system  of  Kim  (1968)  she  found  no  significant  increase  in 
chromosome  aberrations  when  ultrasound  precedes  the  x-rays.  In 

addition,  she  reports  results  from  one  hour  exposures  using  a 2 MHz, 

2 

pulsed,  diagnostic  ultrasound  unit  of  0.02  W/cm  average  output  com- 
bined with  200  rads  of  x-ray.  The  results  show  a significant  reduction 
in  the  aberration  yields  for  all  types  of  aberrations  when  ultrasound 
is  given  after  x-rays  and  a significant  increase  in  aberration  frequency 
when  ultrasound  is  given  immediately  before  x-rays.  This  is  exactly 
the  reverse  of  the  effects  of  higher  intensity  CW  application  of  ultra- 
sound. No  explanation  of  this  apparent  inconsistency  was  given.  Methods 
of  controlling  the  environmental  conditions  during,  before  and  after 
the  experiments  were  not  reported. 

Burr  et  al,  (1977)  have  reported  results  which  confirm  those 

reported  by  Kim  (1968)  and  Kunze-Muhl  (1975)  and  go  several  steps 

2 

further.  Combined  exposures  (2  W/cm  , CW,  1.0  MHz  ultrasound  for  30 
min  and  Co-60  radiation  at  45.3  rads/min  for  200  rads)  of  human 


r 
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peripheral  blood  were  made  using  various  exposure  sequences.  All 
blood  was  cultured  for  48  hours  and  all  exposures  were  at  room  tem- 
perature (23°C).  The  results  showed  that  there  is  no  significant 
increase  in  chromosome  aberration  frequency  when  ultrasound  precedes 
Y-rays  by  6 hours  or  immediately.  There  is,  likewise,  no  increase 
if  ultrasound  follows  the  Tray  by  2 or  6 hours.  There  is,  however, 
a significant  increase  in  the  total  aberration  frequency  when  ultra- 
sound is  given  simultaneous  with  r^ays  (2.3  times)  and  when  given 
immediately  after  y-rays  (1.77  times).  One  hit  aberrations  were 
increased  significantly  in  both  simultaneous  and  immediately  after 
sequences  but  two  hit  aberrations  were  increased  significantly  only 
in  the  simultaneous  sequence. 

Harkanyi  et  al.  (1978)  reported  no  apparent  synergistic  effect 

on  chromosomes  of  the  CBA/H-T^J  mouse  exposed  iji  vivo  to  0.1  and  1.0 
2 

W/cm  , 800  KHz,  CW,  ultrasound  and  190  kVp,  x-rays,  20.7  rads/min, 
for  50  rads.  Ultrasound  exposure  preceded  the  radiation  exposure  by 
two  hours  with  the  result  that  there  was  no  statistically  significant 
change  in  chromosome  aberration  frequencies  over  that  of  the  radiation 
alone  (ultrasound  alone  caused  no  aberrations).  The  authors  note  that 
their  result  is  consistent  with  the  findings  of  Kunze-Muhl  (1975). 

C.  Statement  of  the  Problem 

The  previously  referenced  studies  concerning  the  possible 
synergistic  effect  of  ultrasound  and  ionizing  radiation  on  the 
chromosomes  of  human  and  plant  cells  have  shown  that  there  is  some 
type  of  synergistic  effect  or  interaction  but  the  mechanisms  for  the 
interaction  have  not  been  determined.  In  addition,  each  study  had 
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particular  shortcomings  which  made  it  difficult  if  not  impossible  to 
compare  the  results.  Problems  found  in  these  studies  include: 

1.  The  temperature  was  not  properly  controlled  or  measured  in 
almost  all  of  the  studies.  It  has  been  shown  previously  that  tempera- 
ture has  an  effect  on  the  chromosome  aberration  yield. 

2.  The  dosimetry  of  the  ultrasound  exposures  was  poor.  In  all 
cases  the  ultrasound  intensity  was  measured  at  the  location  of  the 
sample  holder  but  not  inside  the  sample  holder.  The  potential  variation 
in  intensity  between  studies  and  between  samples  in  each  study  make  it 
impossible  to  compare  results. 

3.  Several  experiments  utilized  culture  times  of  72  hours  for 
the  human  peripheral  blood  lymphocytes.  Culture  times  of  greater  than 
54  hours  have  recently  been  criticized  because  of  the  procession  of  some 
cells  into  their  second  mitosis. 

The  objective  of  this  study  is  to  evaluate  the  possible  synergy 
of  ionizing  radiation  and  ultrasound  by  determining,  under  stringently 
controlled  conditions,  whether  the  damage  to  the  genetic  material  of 
human  cells  is  enhanced  by  their  combined  use.  In  addition,  the  study 
will  attempt  to  determine  whether  the  temporal  sequence  of  their 
application  significantly  influences  the  overall  magnitude  of  the  effect. 
Specifically,  these  studies  will  involve  two  separate  areas  of  technical 
work: 

1.  An  ultrasound  and  ionizing  radiation  exposure  and  dosimetry 
system  will  be  designed,  constructed  and  tested  which  will  deliver 
accurately  known  and  controlled  doses  of  ultrasound  and  ionizing 
radiation  to  blood  samples  under  controlled  environmental  conditions. 

The  intensity  of  the  ultrasound  and  the  temperature  within  the  sample 
will  be  monitored  at  all  times.  A temperature  simulation  system  will  be 
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included  to  simulate  the  heat  exposures  generated  by  the  ultrasound. 

2.  Various  sequences  of  ultrasound  and  ionizing  radiation  will 
be  applied  to  human  peripheral  blood  using  the  above  system.  Chromosome 
analysis  using  48  hour  incubation  will  be  conducted  on  all  blood  samples 
to  determine  the  effect  of  each  exposure  sequence.  Sequences  such  as 
ultrasound  alone,  ionizing  radiation  alone,  heat  alone,  heat  and 
ionizing  radiation,  and  ultrasound  plus  ionizing  radiation  will  be  per- 
formed in  an  attempt  to  determine  if  there  is  a synergistic  effect 
between  ultrasound  and  ionizing  radiation  and  what  the  possible 
mechanism  for  this  effect  might  be.  Ultrasound  and  ionizing  radiation 
exposure  parameters  for  these  experiments  will  be  chosen  so  as  to  as 
closely  as  possible  reproduce  actual  exposure  conditions  which  occur 
in  vivo,  i.e.,  37°C  exposure  temperature,  Co-60  irradiation  from  a 
radiation  therapy  source,  1.0  MHz,  CW,  ultrasound,  etc. 
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II.  DEVELOPMENT  OF  THE  ULTRASOUND  AND  IONIZING 
RADIATION  EXPOSURE  SYSTEM 

A.  Materials  and  Methods 

The  purpose  of  these  experiments  is  to  conduct  specific 
exposures  of  human  peripheral  blood  to  ultrasound,  heat  and  ionizing 
radiation  under  controlled  conditions.  The  exposure  system  used  for 
these  experiments  is  shown  schematically  in  Figure  12' . A photograph 
of  the  apparatus  is  shown  in  Figure  12B.  It  consists  the  following 
basic  components;  a sonation  tank  with  temperature  control  system,  an 
ultrasound  generation  system,  biological  sample  holder,  ultrasound 
dosimetry  system,  ionizing  radiation  exposure  system,  and  a tempera- 
ture detection  system.  Each  of  these  basic  components  are  discussed 
in  detail  below  with  the  criteria  used  for  their  designand  the  actual 
design. 

1.  Ultrasound  Dosimetry  System 
a.  Criteria  for  Design 

(1)  The  ultrasound  dosimetry  system  must  be  capable  of 
accurately  and  simply  determining  the  ultrasound  intensity. 

(2)  The  method  must  not  be  affected  by  fluctuating 

temperatures . 

(3)  It  should  be  able  to  measure  intensity  distribu- 
tion in  sample  holder  and  sonation  tank. 

(4)  It  should  be  able  to  monitor  intensity  during 


exposures. 


Figure  12A.  Ultrasound  and  Ionizing  Radiation  Exposure  System 
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Figure  12B:  Ultrasound  and  Ionizing  Radiation  Exposure  System 
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b.  Design 

(1)  The  ultrasound  dosimetry  system  consisted  of  both 
a primary  standard  (hanging  ball  radiometer)  and  a secondary  standard 
(peizoelectric  microprobe).  The  hanging  ball  radiometer  was  used  to 
calibrate  the  piezoelectric  microprobe  and  the  probe  was  used  to 
monitor  all  ultrasound  exposures  and  map  the  ultrasound  intensity  dis- 
tribution  in  the  tank  and  biological  sample  holder.  The  specifications 
of  the  hanging  ball  radiometer  are  given  in  Table  3.  (Refer  to  Figure 
9 and  Introduction  for  a discussion  of  the  theory).  The  ultrasonic 
microprobe,  serial  no.  116,  manufactured  by  Mediscan,  Inc.,  East 
Hartford,  Connecticut,  was  composed  of  a 0.8  mm  diameter.  Lead  Zir- 
conate  Titanate  piezoelectric  ceramic  disk,  mounted  in  the  tip  of  a 
modified  #18  gauge  hypodermic  needle.  The  microprobe  was  mounted  on  a 
modified  microscope  stage  in  the  vertical  position  so  that  rectilinear 
intensity  scanning  could  be  performed  at  any  location  in  the  sonation 
tank.  The  voltage  produced  by  this  probe  is  proportional  to  the  square 
root  of  the  acoustic  intensity.  Because  of  the  probes  small  size  it 

is  very  insensitive  to  errors  in  alignment  to  the  ultrasound  beam. 

The  probe  output  was  measured  using  a Tektronix,  Model  T 932,  serial 
no.  B010565,  35  MHz  bandwidth  oscilloscope  with  a 1 Mn,  30  pf  input. 

(2)  The  sensitivity  of  the  ultrasonic  microprobe  was 
determined  as  follows: 

(a)  The  uncalibrated  microprobe  was  used  to 
measure  the  ultrasound  field  distribution  at  1 cm  from  the  face  of  the 
acoustic  spacer  in  castor  oil  at  22°C.  The  field  map  produced  was  in 
terms  of  the  output  voltage  of  the  microprobe  at  1.1  MHz  frequency. 

(b)  The  hanging  ball  radiometer  was  then  used 
to  measure  the  ultrasound  intensity  at  the  center  of  the  field.  This 
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Table  3 

Specifications  for  Hanging  Ball  Radiometer 


Length  of  Wire  from  Fulcrum  to  X 

Diameter  of  Wire 

Acceleration  of  Gravity 

Mass  of  Sphere 

Material  of  Sphere 

Diameter  of  Sphere 

Mass  of  Water  Displaced  by  Sphere 

Speed  of  Sound  in  Castor  Oil 

Resulting  Intensity  Relationship 


48  cm 

0.005  cm  (stainless  steel) 
980.6  cm/sec^ 

2.9969  gm 
Yellow  brass 
0.89  cm 
0.369  gm 

5 

1.54  X 10  cm/sec 
I = 1.329  X 

2 

Where  I = Intensity  in  W/cm 


and  X = deflection  of  wire  in  cm 
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intensity  is  the  average  intensity  for  the  cross-section  of  the  sphere. 

(c)  Since  the  microprobe  cross-sectional  area 
is  very  much  smaller  than  the  sphere  a correction  factor  had  to  be 
determined  to  make  the  intensity  values  comparable.  The  microprobe,  in 
effect,  measures  the  peak  intensity,  whereas  the  sphere  measure  the  average 
intensity  for  its  cross-sectional  area.  Assuming  a parabolic  distribu- 
tion of  energy  in  the  ultrasound  field  (Figure  22  supports  this  assump- 
tion) it  can  be  shown  that 

■ 2 

where  Ig  = average  intensity  on  the  bad 
= maximum  intensity  on  ball 
I = minimum  intensity  on  ball. 

a 

Assuming  that  I = I where  I = intensity  on  probe,  the  correction 
^ p m p 

factor  will  be 

. = ^ = 1/2  (1  + ^ ) 
p m 

Since  the  ultrasound  intensity  is  directly  proportional  to  the  output 
of  the  microprobe  squared  it  can  be  shown  that 

mV  5 

Cf  = 1/2  (1  * 

m 

where  = minimum  millivolt  output  of  the  probe  (measured  at  edge  of 
a 

sphere) . 

mV^  = maximum  millivolt  output  of  probe  (measured  at  center  of 
sphere) . 
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(d)  The  sensitivity  of  the  microprobe  is 

defined  as  the  ratio  of  the  voltage  output  of  the  probe  to  the  acoustic 

2 

pressure  that  produced  the  voltage.  Usual  units  are  ;jV/dyne/cm  . This 
sensitivity  allows  the  use  of  the  microprobe  in  any  medium  if  the 
acoustic  impedance  of  the  medium  is  known.  For  this  case  the  sensitivity 
(s)  is  defined  as: 

s = mV  /P„ 
m p 

where  Pp  = true  acoustic  pressure  on  the  probe. 

The  true  acoustic  pressure  is  found  from 

’’p  -J  ^ 

where  Z = characteristic  impedance  of  medium. 

(e)  This  sensitivity  was  then  used  for  con- 

2 

verting  all  ultrasound  field  maps  from  millivolts  to  intensity  (W/cm  ). 

2.  Ultrasound  Generating  System 
a.  Criteria  for  Design 

(1)  System  should  be  capable  of  continuous  wave  (CW) 
operation  at  typical  diagnostic  and  therapeutic  frequencies  with  as 
high  an  efficiency  as  possible. 

(2)  System  should  be  stable  and  provide  reproduce- 
able  ultrasonic  intensity  outputs. 

(3)  The  output  of  the  system  should  be  capable  of 
being  monitored  at  all  times  during  exposure. 


i 
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b.  Design 

(1)  A schematic  of  the  ultrasound  generation  system  is 
shown  in  Figure  13  with  the  basic  components  and  parameters  noted. 

The  design  of  the  piezoelectric  transducer  is  shown  in  Figure  14  and 
the  physical  and  electrical  properties  of  the  transducer  crystal  are 
given  in  Table  4. 

(2)  The  normal  operating  frequency  of  the  ultrasound 
transducer  was  determined  by  measuring  the  intensity  at  10.5  cm  from 
the  transducer  for  different  frequencies  near  the  natural  frequency  of 
the  crystal  using  the  hanging  ball  radiometer.  The  intensity  output 
was  then  mathematically  weighted  due  to  the  differences  in  the  input 
voltage  of  the  transducer  so  that  a normalized  output  could  be  used  as 
a comparison  of  the  intensity  values.  The  normalized  intensity  was: 

I = a^I 
n a 

2 

where  = normalized  intensity  - W/cm 

2 

I = measured  intensity  - W/cm 

O 

a = ratio  of  actual  voltage  on  the  transducer  to  a reference 
voltage. 

(3)  The  efficiency  of  the  ultrasound  transducer  was 
estimated  by  measuring  the  electrical  power  into  the  transducer  and 
comparing  it  to  the  measured  power  output.  This  procedure  required 
the  determination  of  the  electrical  impedance  of  the  transducer,  and 
the  resultant  intensity  output  of  the  transducer.  The  electrical 
impedance,  voltage  and  power  into  the  transducer  were  estimated  using 
the  electrical  circuit  described  in  Figure  15  and  the  equations  below. 


Figure  13.  Schematic  of  the  Ultrasound  Generation  System 
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Table  4 

Physical  and  Electrical  Properties  of  Transducer 
as  Supplied  by  Manufacturer 


Manufacturer 

Crystal  Material 
Model  No. 

Relative  Dielectric  Constant-K^ 
Piezoelectric  Strain  Constant-d^^ 
Piezoelectric  Voltage  Constant-g^^ 
Mechanical  Q (Thickness)-Q^ 

Frequency  Constant  (Thickness) 

Density 

Longitudinal  Couplihg  Coefficient-K23£ 

^33 

Planar  Coupling  Coefficient-K 

P 

Diameter 

Frequency 

Thickness 


Keramos,  Inc. 

104  North  Church  Road 
Lizton,  ID  46149 

KEZITE  Modified  Lead  Metaniobate 

K-85 

800 

160  X 10  Coul /Newton 
22  X 10  ^ Voltmeter/Newton 
15 

66  KC  in. /sec. 

3 

5.5  gm/cm 

10  2 
6.8  X 10  Newton/m^ 

.35 

2.54  cm 
1 .0  MH^ 

0.174  cm 


L 


r . 
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Figure  15.  Electrical  Circuit  for  the  Determination  of  the  Transducer 
Impedance 


Z 


T 


and  P„ 


where  Zj  = Impedance  of  transducer 
Vy  = voltage  across  transducer 
V|^  = voltage  across  resistor 
R = resistance  of  resistor 
= rms  power  into  transducer 

The  intensity  output  of  the  transducer  was  measured  using  the  piezo- 
electric microprobe. 

3.  Sonation  Tank  and  Temperature  Control  System 
a.  Criteria  for  Design 

(1)  Small  total  size  so  that  the  tank  could  be  placed 
in  front  of  almost  any  radiation  source  and  be  portable. 

(2)  Minimize  standing  waves  in  the  tank  as  much  as 


possible. 
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transducer. 


(3)  Provide  exposures  in  the  far  field  of  the 


(4)  Provide  a constant  uniform  tank  temperature  adjust- 
able from  room  temperature  to  50°C. 

(5)  Provide  a fixed  geometry  for  locating  the 
biological  sample  holder  so  that  reproduceable  ultrasound  and  ionizing 
radiation  exposures  could  be  made. 

b.  Actual  Design 

The  sonation  tank  and  temperature  control  system  are  shown  in 
Figure  16  (photo  of  top  and  bottom  view).  The  basic  components  are 
the  lucite  tank,  castor  oil  sonation  medium,  sound  absorber  at  end  of 
tank,  ultrasound  transducer,  rectilinear  scanner,  acoustic  spacer, 
sonation  medium,  recirculation  pump  and  associated  plumbing,  tempera- 
ture sensor,  temperature  controller  and  tank  heater  strips. 

(1)  Tank  - The  sonation  tank  was  constructed  of  0.635 
cm  cotrmercial  lucite  in  a very  specific  shape.  The  shape  was  dictated 
by  three  requirements:  small  size,  provision  for  exposures  in  the  far 
field  of  the  transducer,  and  fixed  geometry  of  exposures.  It  should  be 
noted  that  the  flaring  of  the  tank  takes  place  at  the  approximate 
location  of  the  start  of  the  far  field  (10  cm  from  transducer)  and  the 
divergence  angle  of  the  tank  walls  follow  the  approximate  beam  width 
(4.13°)  of  the  transducer. 

(2)  Castor  Oil  Sonation  Medium  - Castor  oil  was 
selected  due  to  its  high  absorption  coefficient  (0.95  dB/cm  for  castor 

oil  as  compared  to  water  of  0.002  dB/cm)  and  characteristic  impedance 

CO  5 2 

(1.48  X 10  g/cm  -sec)  close  to  blood  (1.61  x 10  g/cm  -sec)  and 

5 2 

water  (1.43  x 10  g/cm  -sec).  Ultrasound  energy  leaving  the  acoustic 
spacer  and  biological  sample  holder  would  be  absorbed  in  the  castor  oil 
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and  would  not  be  available  to  be  reflected  from  the  rear  wall  of  the 
tank.  This  would  make  it  possible  to  build  a smaller  tank  with  less 
need  for  sound  absorbing  materials  on  the  walls  of  the  tank. 

(3)  Sound  Absorber  - The  sound  absorber  was  composed 
of  a 5 cm  thick  piece  of  rubberized  wool  packaging  material  that  was 
found  to  be  very  effective  at  absorbing  ultrasound  in  the  frequency 
range  that  would  be  used  (Burr  (1976)). 

(4)  Acoustic  Spacer  - The  design  of  the  acoustic 
spacer  is  shown  in  Figure  17.  This  spacer  was  utilized  to  provide  a 
fixed  geometry  for  exposures  of  the  biological  sample  in  the  far  field 
of  the  transducer.  The  spacer  was  filled  with  distilled  water  to  pro- 
vide a low  absorption  path  for  the  ultrasound  and  the  ends  of  the 
spacer  were  covered  with  0.00127  cm  thick  mylar  to  provide  a non- 
reflecting  interface. 

(5)  Sonation  Medium  Recirculation  System  - The  high 
viscosity  of  the  castor  oil  medium  provided  poor  heat  transfer  char- 
acteristics between  the  tank  walls  and  medium  so  some  type  of  mixing 
of  the  tank  contents  was  necessary  to  provide  uniform  temperature  dis- 
tributions. This  mixing  was  accomplished  with  a centrifugal  pump 

and  motor  combination  which  delivered  approximately  100  ml/min.  The 
mean  replacement  time  of  the  sonation  medium  was  approximately  10 
minutes. 

(6)  Temperature  Control  System  - Temperature  control 
consisted  of  a Versatherm  Electric  Temperature  Control  Relay,  Model 
2149  and  a Precision  Mercury  Thermoregulator,  Model  2150,  sensitivity 
0.005°C,  (Scientific  Instruments,  Inc.,  P.O.  Box  705,  Skokie,  111.) 
connected  to  two  (one  on  each  side  of  the  tank)  300  watt  each  silicon 
strip  heaters.  The  maximum  power  (peak  temperature)  to  the  heater 


Figure  17.  Acoustic  Spacer  (Critical  Dimensions  Only) 
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strips  was  controlled  with  a Superior  Electric  Co.,  Powerstat. 

4.  Biological  Sample  Holder 

a.  Criteria 

(1)  Sample  holder  must  be  made  of  non-toxic  materials. 

(2)  Must  be  sterilizable  and  reuseable. 

(3)  Must  provide  reproduceable  exposure  for  the  same 
sample  holder  and  between  all  sample  holders  in  a set. 

(4)  The  ultrasound  field  intensity  must  be  as  uniform 
as  possible  inside  the  sample  holder  with  minimum  standing  waves. 

(5)  The  ionizing  radiation  dose  must  be  as  uniform 
as  possible  inside  the  sample  holder. 

(6)  The  ultrasound  exposure  and  ionizing  radiation 
exposure  must  be  measureable  inside  the  sample  holder. 

(7)  The  temperature  distribution  inside  the  sample 
holder  must  be  as  uniform  as  possible.  Continuous  monitoring  of  the 
temperature  must  be  feasible  with  minor  perturbation  of  the  ultrasound 
field. 

b.  Design 

(1)  The  sample  holder  used  in  these  experiments  is  shown 
in  Figure  18.  The  lucite  walls  and  mylar  windows  are  both  non-toxic 
materials  and  can  be  sterilized  in  a gas  autoclave.  The  dimensions  of 

3 

the  holder  were  a trade  off  between  volume  of  sample  needed  (1  cm  ), 
uniformity  of  radiation  dose  and  uniformity  of  ultrasound  intensity. 

The  filling  tube  provided  an  access  point  for  the  insertion  of  the 
temperature  detection  probe  (discussed  later  under  Temperature  Detection 
System) . 
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(2)  The  sample  holder  design  was  analyzed  theore- 
tically to  insure  that  small  changes  in  the  frequency  of  the  ultra- 
sound or  changes  in  the  dimensions  of  the  holders  from  one  sample  to 
another  did  not  result  in  significant  changes  in  ultrasound  intensity 
transmission.  This  computer  analysis  was  accomplished  using  the  method 
of  Beranek  and  Work  (1949)  (see  Appendix  I for  a copy  of  the  computer 
program) . 

(3)  The  intensity  distribution  along  the  center  line 
of  the  sample  holder  parallel  to  the  direction  of  ultrasound  propaga- 
tion was  measured  using  the  piezoelectric  microprobe  by  filling  the 
sample  holder  with  blood  and  piercing  a small  entrance  hole  for 
insertion  of  the  probe  through  the  mylar  window.  The  ultrasound 
intensity  was  measured  both  inside  and  outside  the  sample  holder  to 
determine  the  relationship  between  the  routinely  measured  intensity 
(outside  holder  during  all  experiments)  and  the  maximum,  minimum  and 
geometric  average  intensities  inside  the  holder. 

(4)  The  intensity  distribution  across  the  face  of  the 
sample  holder  was  also  measured  using  the  piezoelectric  microprobe 
with  the  resultant  iso-intensity  profiles  plotted  using  the  computer. 

5.  Ionizing  Radiation  Exposure  System 

I 

a.  Criteria  for  Design 

(1)  Capable  of  delivering  a reproduceable  total 
radiation  dose  to  the  biological  sample  holder. 

(2)  Provide  a method  of  measuring  the  radiation  dose 
in  the  biological  sample  holder. 

(3)  Provide  as  uniform  a radiation  dose  as  possible 
to  the  biological  sample  holder. 


r , 
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b.  Design 

(1)  The  ionizing  radiation  dose  was  delivered  to  the 

blood  samples  using  a 6707  Ci  (as  of  March  1977)  Cobalt-60,  (1.33  and 
1.17  MeV  photons)  radiation  therapy  source  located  in  the  Radiation 
Oncology  Department  of  Presbyterian-Uni versi ty  Hospital,  Pittsburgh,  PA. 
The  specific  exposure  conditions  were  - 74.5  cm  source  to  surface  dis- 
tance with  a 4 X 4 cm  field  size  on  the  surface  of  the  tank  resulting 

in  dose  rates  between  130  and  120  rads/min.  The  actual  dose  rate  was 
calculated  at  the  time  of  each  experiment  by  correcting  for  the  decay 
of  the  radiation  source  with  time. 

(2)  Calibration  of  the  dose  delivered  to  the  blood 
sample  for  the  exposure  geometry  was  determined  as  follows: 

(a)  A biological  sample  holder  was  modified 

for  the  calibration  procedure  by  drilling  a hole  in  the  top  surface 
center  and  placing  a precision  ionization  chamber  into  the  center  of 

the  sample  holder.  The  hole  was  sealed  with  very  thin  surgical  rubber 

sheet,  the  sample  holder  filled  with  blood,  and  inserted  into  the 
sonation  tank.  Exposures  were  made  under  the  described  geometry  con- 
ditions and  the  dose  recorded. 

(b)  The  precision  ionization  chamber  used 
for  this  calibration  was  the  Model  30-340,  serial  no.  2H136,  long 

3 

micro  chamber,  of  0.05  cm  volume,  flat  response  from  30  keV  through 
Co-60,  ion  collection  efficiency  of  100%  up  to  2000  R/sec,  calibration 
accuracy  of  ± 2%,  manufactured  by  Nuclear  Associates,  Inc.,  Westbury, 

NH  11590.  The  output  of  the  ion  chamber  was  measured  on  a Solid  State 
Electrometer,  Model  610C,  serial  no.  32402A,  Keithley  Instruments, 
Cleveland,  OH. 
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6.  Temperature  Detection  System 

a.  Criteria  for  Design 

(1 ) Accurate  to  0.1 °C. 

(2)  Must  not  perturb  the  ultrasound  field. 

(3)  Must  provide  representative  temperature  reading 

J 

from  the  biological  sample  holder. 

(4)  Must  provide  a continuous  recording  of  the 
temperature  with  time. 

b.  Design 

The  temperature  detection  system  was  composed  of  a 0.0254  cm 
diameter  copper-constantan  thermocouple  connected  to  a Model  BAT-8, 
Digital  Thermometer,  serial  no.  8510,  Bailey  Instruments,  Inc., 

Saddle  Brook,  NJ  07662,  which  in  turn  was  connected  to  a Fischer 
Recordall  Model  A5113-5I,  serial  no.  5/6209-115,  strip  chart  recorder 
for  continuous  recording  of  temperature.  The  thermocouple  was  inserted 
a fixed  distance  into  the  sample  holder  file  tube  during  all  ultrasound, 
I heat,  and/or  ionizing  radiation  exposure  and  the  temperature  profile 

recorded.  The  temperature  detectii  n system  was  calibrated  against  an 
expanded  scale  mercury  thermometer  that  was  accurate  to  0.05°C. 

I B.  Results 

I* 

f 

1.  Ultrasound  Dosimetry  System 

I 

1 

\ The  sensitivity  of  the  microprobe  for  1 .1  MHz  continuous  wave 

2 

. ultrasound  was  determined  to  be  0.0477  ^V/dyne/cm  . 


r V 
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2.  Ultrasound  Generation  System 

a.  The  results  of  the  experiment  to  determine  the  operating 
frequency  of  the  transducer  are  shown  in  Figure  19.  It  shows  that  the 
peak  efficiency  of  the  transducer  occurs  at  approximately  1.1  MHz. 

This  is  slightly  higher  than  the  manufacturers  claimed  crystal  natural 
frequency  of  1.0  MHz  and  is  probably  due  to  the  transducer  case  con- 
struction and  the  impedance  match  of  the  medium  used. 

b.  The  resistance  of  the  transducer  was  found  to  be  88n 

and  the  voltage  across  the  transducer  was  40  volts  rms  for  a measured 

2 

ultrasound  peak  output  of  1.0  W/cm  . Assuming  a gaussian  distributed 
ultrasound  intensity  the  efficiency  of  the  transducer  was  calculated 
as  37.5%. 

3.  Sonation  Tank  and  Temperature  Control  System 

a.  Temperature  variations  with  time  in  the  sonation  tank  were 
measured  at  the  location  where  the  biological  sample  holder  would  be 
placed.  It  was  found  that  the  temperature  control  system  would  main- 
tain the  tank  within  ^ 0.5°C  of  th€  desired  temperature  with  the 
temperature  variations  taking  on  a periodic  function  with  a period  of 
approximately  30  minutes.  This  variation  in  temperature  was  due  to 
the  conductive  lag  caused  by  the  high  viscosity  of  the  castor  oil  and 
the  thick  lucite  tank  walls. 

b.  The  acoustic  properties  of  the  sonation  tank  were  tested 
using  the  Piezoelectric  microprobe.  With  no  acoustic  spacer  in  the 
tank  measurements  of  the  ultrasound  intensity  distribution  were  made 
along  the  center  line  of  the  transducer  (Figure  20)  and  perpendicular 
to  the  direction  of  propagation  at  12.5  cm  from  the  transducer 


Normalized  Ultrasound  Intensity  - W/cm' 
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Frequency 


Figure  19.  Determination  of  the  Operat 
Transducer  (K-85  Keramos,  I 


Ultrasound  Pressure  Distribution  Along  the  Axis  of  the  Ultrasound  Transducer  (K-85)  with 
nothing  in  Sonation  Tank.  Relative  Pressure  Reported  in  Terms  of  Millivolt  Output  of 
Microprobe. 
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(Figure  21).  (Note:  all  ultrasound  intensity  maps  were  generated  using 
a computer  isodose  plotting  program).  Figure  20  shows  the  expected 
periodic  nature  of  the  nearfield  intensity  and  the  location  of  the 
last  intensity  maximum  (start  of  far  field).  The  start  of  the  far 
field  coincides  closely  with  the  calculated  value  of  10  cm.  The 
standing  wave  ratio  (SWR)  in  the  far  field  was  measured  as  1.026 
indicating  very  little  reflection  of  energy  from  the  tank  walls. 

Figure  21  shows  the  distribution  of  ultrasound  intensity  to  be  some- 
what irregular  and  slightly  displaced  from  the  geometrical  center  line 
of  the  transducer  and  tank.  This  is  due  to  several  causes;  the  shape 
of  the  tank  with  its  upper  flat  surface  causes  rechanneling  of  energy 
into  the  upper  part  of  the  beam  and  the  transducer  crystal  may  not  be 
properly  aligned  in  the  transducer  case. 

c.  With  the  acoustic  spacer  in  position  in  the  tank  the  ultra- 
sound field  intensity  was  measured  at  12.5  cm  from  the  transducer 
(Figure  22).  The  ultrasound  field  is  shown  to  be  more  uniform  and 
follows  the  axis  of  the  acoustic  spacer. 

d.  The  standing  wave  ratio  (SWR)  in  the  far  field  with  the 
acoustic  spacer  in  position  was  measured  as  1.026.  This  again  shows 
the  effectiveness  of  the  castor  oil  and  sound  absorber  material  in 
reducing  the  reflections  within  the  tank. 

4.  Biological  Sample  Holder 

a.  The  results  of  the  analysis  for  the  sample  holder  design 
are  shown  in  Figures  23,  24  and  25.  Figure  23  shows  the  effect  of 
varying  the  ultrasound  frequency  on  the  transmission  coefficient. 

Slight  changes  in  frequency  appear  to  cause  little  change  in  the 
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2 

Figure  21.  Ultrasound  Intensity  (W/cm  ) Distribution  at  12.5  cm  from 
the  Ultrasound  Transducer  with  Nothing  in  the  Field 
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Figure  23.  Effect  of  Varying  the  Ultrasonic  Frequency  on  the  Intensity 
Transmission  of  the  Biological  Sample  Holder  Design  of 
Figure  18.  Analysis  for  Sample  Holder  Filled  with  Blood 
and  Emersed  in  Castor  Oil  Sonation  Medium 


Figure  24. 


Effect  of  Varying  the  Thickness  of  the  Mylar  Windows 
in  the  Biological  Sample  Holder  Design  of  Figure  18  on 
the  Intensity  Transmission.  Sample  Holder  Filled  with 
Blood  and  Emersed  in  Castor  Oil  Sonation  Medium 
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Figure  25.  Effect  of  Varying  the  Thickness  of  the  Blood  in  the 
Biological  Sample  Holder  of  Figure  18  on  the 
Intensity  Transmission.  Sample  Holder  Filled  with 
Blood  Emersed  in  Castor  Oil  Sonation  Medium 
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transmission  coefficient  (ratio  of  the  ultrasound  intensity  incident  on 
the  sample  holder  to  the  ultrasound  intensity  exiting  the  sample  holder). 
Figure  24  and  25  show  the  effect  of  varying  the  dimensions  of  the  sample 
holder  on  the  transmission  coefficient.  Both  figures  show  that  changes 
in  the  dimension  of  the  mylar  windows  or  blood  have  little  effect  on 
the  transmission  coefficient.  All  three  figures  show  that  this  sample 
holder  design  has  low  susceptibility  to  changes  in  ultrasound  frequency 
and  dimensions  and  consequently  should  provide  uniform  ultrasound 
intensity  exposures  inside  of  the  sample  holder  from  one  sample  holder 
to  another  and  from  one  experiment  to  the  next.  Details  of  the 
significance  of  the  transmission  coefficient  and  the  susceptibility 
of  sample  holder  designs  to  changes  in  frequency  and  dimensions  are 
presented  in  the  discussion. 

b.  The  distribution  of  the  ultrasound  intensity  across  the 
biological  sample  holder  at  12.5  cm  from  the  transducer  is  shown  in 
Figure  26  and  27  and  the  intensity  inside  of  the  holder  is  shown  in 
Figure  28.  The  insertion  of  the  temperature  detection  probe  into 
the  sample  holder  made  no  noticeable  difference  in  these  intensity 
profiles.  The  slight  increase  in  intensity  under  the  fill  tube  shown 
in  Figure  28  is  caused  by  the  difference  in  pressure  due  to  being  open 
to  the  atmosphere.  The  standing  wave  ratio  (SWR)  in  the  sample  was 
calculated  to  be  approximately  1.33.  The  ratios  of  the  outside 
intensity  to  the  inside  intensities  along  the  centerline  (Figure  28) 
were:  maximum  value  - 0.86,  minimum  value  - 2.77  and  geometric 
average  value  1.64.  The  intensities  reported  throughout  the  biological 
experiments  are  the  exposure  values  as  measured  outside  of  the  sample 
holder  but  related  to  the  maximum  value  inside  the  sample  holder. 


Sonation  Tank  Walls 


(W/cm  ) Distribution  at  12.5  cm  from 
tic  Spacer  and  Sample  Holder  in  the 
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Figure  27.  Ultrasound  Intensity  (W/cm  ) Distribution  in  the  Sanple 
Holder  (Expanded  View-lOX)  at  12.5  cm  from  Transducer. 


1 .5  cm 


Figure  28.  Ultrasound  Pressure  Distribution  Inside  of  the  Sample 
Holder.  Relative  Pressure  Reported  as  Millivolt 
Output  of  the  Microprobe 
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c.  The  temperature  distribution  in  the  sample  was  measured 
using  the  temperature  detection  probe  under  both  unsteady  (first  turn 
on  ultrasound)  and  steady  (equilibrium)  state  conditions.  In  the 
unsteady  condition  the  temperatures  in  the  sample  never  differed  by 
more  than  + 0.5°C  and  in  the  equilibrium  condition  there  was  never 
more  than  + 0.1°C  difference  in  any  location  in  the  sample. 

d.  Fifteen  sample  holders  were  constructed  for  these  experi- 
ments and  each  holder  was  tested  for  reproduceabil ity  of  ultrasound 
exposures.  Each  holder  was  tested  by  filling  the  holder  with  blood 
(all  holders  filled  from  same  blood  source),  inserting  it  into  the 
apparatus,  adjusting  the  input  to  the  ultrasound  transducer  for  40 
Vp_p  and  measuring  the  field  distribution  and  equilibrium  temperature 
in  the  sample  holder.  The  equilibrium  temperatures  for  all  samples 
differed  by  a maximum  of  only  + 0.5°C  and  the  intensity  distributions 
were  slightly  different  between  exposures  but  generally  were  of  the 
same  shape  and  peak  intensity  shown  in  Figure  27.  There  were  notice- 
able differences  in  the  intensity  distributions  if  small  air  bubbles 
existed  in  the  sample  holder  or  if  the  holders  were  not  placed  in  the 
proper  position  in  the  tank. 

e.  The  maximum  ultrasound  intensity  that  could  be  delivered 

2 

to  the  biological  sample  holder  was  approximately  4 W/cm  at  1.1  MHz, 
CU. 


5.  Ionizing  Radiation  Source 

The  dose  rate  delivered  to  the  biological  sample  holder  vs 
date  of  exposure  is  shown  in  Figure  29.  These  dose  rates  are  for  the 
geometry  noted  in  the  Materials  and  Methods. 
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6.  Temperature  Detection  System 

The  temperature  detection  system  was  calibrated  using  a mercury 
thermometer  and  was  found  to  be  accurate  to  within  + 0.1 “C. 

C.  Discussion 

The  ultrasound  and  ionizing  radiation  system  used  in  the  biological 
experiments  was  for  all  practical  purposes  suitable  for  these  experi- 
ments. The  system  provided  known  exposure  levels  which  were  fairly 
uniform  and  allowed  monitoring  of  the  exposures  and  environmental  con- 
ditions. Experience  and  knowledge  gained  during  the  design,  construction, 
and  testing  of  the  exposure  system,  however,  revealed  several  limitations 
in  the  capabilities  of  the  present  system  which  could  be  corrected  if  the 
apparatus  is  to  be  used  for  future  scientific  investigations.  In 
addition,  several  important  acoustic  design  principles  were  defined 
that  have  a significant  impact  on  the  design  of  biological  sample 
holders  used  for  ultrasound  research.  The  limitations  of  the  present 
system,  the  proposed  modification  to  the  system,  and  the  general 
acoustic  design  principles  for  sample  holder  design  are  presented  below. 

1.  Limitations 

a.  The  temperature  control  system  for  the  sonation  tank, 
although  acceptable  for  these  studies,  may  not  be  acceptable  for  other 
biological  systems  which  are  more  temperature  sensitive.  The  present 
system  is  capable  of  maintaining  the  sonation  tank  temperature  at  a 
desired  level  within  the  range  from  room  temperature  (approximately 
23®C)  to  BO^C  with  an  accuracy  of  + 0.5®C.  The  variation  around  the 
desired  level  is  cyclic  with  a period  of  30  minutes.  This  temperatuie 
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variation  is  due  to  the  high  viscosity  of  the  castor  oil  sonation  medium, 
the  slow  mixing  of  the  tank  contents,  and  the  thick  lucite  tank  walls. 

b.  The  ultrasound  generation  system  does  not  provide  exposures 

2 

at  high  ultrasound  intensities  (>  4 W/cm  ).  The  transducer  that  was  con- 
structed appears  fully  capable  of  providing  the  high  ultrasound 
intensities  but  the  ultrasound  amplifier  is  not. 

c.  The  reproduceabil ity  of  the  ultrasound  exposures  is  not 

exact.  The  intensity  distribution  within  the  biological  sample  holders 
varies  slightly  from  exposure  to  exposure  even  for  the  same  sample 
holder.  Several  reasons  for  this  variation  exist:  sample  holders  are 
difficult  to  construct  to  identical  dimensions,  placing  the  sample 
holder  in  the  identical  geometry  in  the  tank  each  time  is  not  possible,  ^ 

and  small  discontinuities  inside  the  sample  holder,  such  as  minute  air 

bubbles,  affect  the  distribution.  ^ 

d.  No  adequate  real  time  method  was  available  for  detecting 
the  presence  of  ultrasonic  cavitation  in  the  biological  sample.  This 
deficiency  is  not  unique  to  this  exposure  system  but  is  a limitation 
of  all  exposure  systems.  There  are  presently  no  acceptable  non- 
invasive  real  time  methods  of  detecting  cavitation  at  lower  levels  of 
ultrasound  intensity.  Research  is  being  conducted  in  this  field  but 
at  present  this  is  a limitation  of  all  ultrasound  dosimetry  systems. 

2.  Proposed  Improvements 

a.  The  temperature  control  in  the  sonation  tank  can  be 
improved  significantly  by  the  use  of  a less  viscous  sonation  medium 
(water,  culture  medium,  etc.)  and  a constant  temperature  circulator 
system.  Both  heat  and  cooling  could  be  provided  with  the  temperature 
sensing  element  attached  to  the  biological  sample  holder.  This  would 
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allow  cooling  of  the  sample  as  the  ultrasound  intensity  rose.  A larger 
sonation  tank  with  anechoic  walls  (sound  absorbing  materials)  would  be 
needed  and  degassing  of  the  sonation  medium  would  be  required  at 
higher  intensities  due  to  the  off-gassing  and  bubble  forming  capability 
of  high  intensity  ultrasound. 

b.  Reproduceabil ity  of  ultrasound  exposures  is  the  primary 
criterion  for  the  design  of  an  adequate  ultrasound  exposure  system. 

This  criterion,  however,  is  made  more  restrictive  by  several  other 
design  criteria  such  as  uniformity  of  the  ultrasound  field  intensity 
and  the  need  to  expose  samples  in  the  far  field  of  the  transducer. 

On  purely  theoretical  grounds  it  appears  extremely  difficult  to  design 
a biological  sample  holder  that  can  satisfy  all  three  criteria. 

A uniform  ultrasound  field  can  be  achieved  by  placing  the 
sample  holder  in  the  center  of  a very  large  ultrasound  field  to  take 
advantage  of  the  minimum  slope  of  the  energy  distribution.  This  can 
be  achieved  by  using  a very  large  transducer  or  by  using  a diverging 
lens  on  the  face  of  the  transducer.  In  either  method  only  a small 
portion  of  the  total  field  is  used,  resulting  in  a very  inefficient 
utilization  of  the  total  energy.  In  addition,  to  satisfy  the  criteria 
of  exposure  in  the  far  field  the  sample  holder  must  be  mounted  at  con- 
siderable distance  from  the  transducer  (far  field  distance  is  propor- 
tional to  the  diameter  of  the  transducer  squared).  This  creates  align- 
ment problems  and  makes  it  difficult  to  achieve  the  desired  reproduce- 
ability. 

To  achieve  the  desired  reproduceabil ity  it  is  necessary  to 
place  the  sample  holder  as  close  as  possible  to  the  transducer  in  a 
fixed  location.  One  approach  is  shown  in  Figure  30  where  the  trans- 
ducer, acoustic  spacer  and  sample  holder  are  constructed  as  one  unit. 
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Figure  30.  Proposed  Biological  Sample  Holder  Design 
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By  making  the  diameter  of  the  transducer  small,  the  near  field  dis- 
tance is  reduced  and  the  entire  assembly  can  be  made  less  than  5 cm 
long  while  still  maintaining  a sample  volume  of  approximately  1 cc. 

By  matching  transducers  for  size  and  frequency  it  would  be  possible  to 
construct  closely  matched  sample  holders.  Mylar  windows  and  sonation 
and  acoustic  spacer  media  with  good  impedance  matching  would  guarantee 
low  standing  waves.  Since  the  acoustic  spacer  and  sample  holder  act  as 
a wave  guide,  the  energy  distribution  would  tend  to  be  gaussian  in 
shape  with  maximum  value  at  the  center  and  minimum  at  the  walls.  The 
energy  distribution  would  not  be  uniform  across  the  face  of  the  holder 
but  it  would  provide  a consistent  energy  distribution  from  sample 
holder  to  sample  holder  and  exposure  to  exposure. 

c.  An  automatic  rectilinear  scanning  device  for  producing  auto- 
matic ultrasound  field  plots  would  be  an  excellent  modification.  At 
present  the  ultrasound  field  plots  are  produced  by  determining  the 
intensity  at  individual  points  in  the  field  and  then  using  the  computer 
to  construct  isodose  lines.  This  is  a very  time  consuming  process  and 
lacks  the  resolution  needed  for  good  ultrasound  dosimetry.  An  auto- 
matic system  could  record  the  intensity  distribution  in  a short  time 
with  excellent  resolution  and  improved  accuracy.  The  energy  distribution 
for  each  biological  exposure  could  be  obtained  to  guarantee  reproduce- 
ability  of  exposures. 

d.  A real  time  non-invasive  cavitation  detection  method  is 
needed.  Two  potential  methods  of  detection  of  cavitation  have  been 
published  which  might  be  applicable  for  this  apparatus.  Briefly, 
these  methods  include  using  a listening  hydrophone  (transducer)  tuned 
to  the  first  subharmonic  of  the  propagated  ultrasound  [Coakley  (1971)], 
and  analyzing  the  changes  in  the  ultrasound  transducer  driving  voltage 
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(cavitation  events  change  the  impedance  of  the  medium  causing  a change 

in  drive  voltage)  [Coakley  (1971)].  Measuring  the  changes  in  trans-  ' 

mission  through  the  sample  using  an  interrogating  (transmitting)  ^ 

I 

ultrasound  transducer  and  receiving  transducer  of  much  higher 

i 

frequency  (>  10  MHz)  is  another  possible  method  that  should  be  con- 
sidered. Each  method  requires  very  sensitive  electronic  detection 

circuitry  to  limit  noise  and  lower  the  cavitation  detection  threshold.  ^ 

These  systems  or  some  combination  should  be  able  to  detect  individual 
cavitation  events  and  provide  real  time  data  that  can  be  useful  in 

interpreting  the  results  of  biological  experiments.  1 

3.  Acoustic  Design  Principles  for  Biological  Sample  Holder 

The  design  of  biological  sample  holders  for  ultrasound  research 
has  received  very  little  attention  in  the  past  with  most  researchers 
making  arbitrary  choices  of  construction  materials  and  sample  holder 
geometries.  Such  holders  as  plastic  test  tubes,  glass  ampules, 
fingers  of  latex  surgical  gloves,  metal  cylinders  with  saran  or  mylar 
end  windows,  plastic  petri  dishes,  and  sealed  polyethylene  bags  have 
been  used.  These  holders  have  been  placed  in  ultrasound  fields  of 
known  intensity  (previously  measured  without  the  sample  holder  in  the 
field)  with  the  claim  that  the  biological  sample  was  exposed  to  the 
measured  intensity  in  that  field.  The  assumption  that  the  intensity 
Inside  the  sample  holder  is  the  same  as  that  in  the  field  outside  the 
holder  is  totally  incorrect.  The  actual  intensity  can,  in  fact,  be 
several  orders  of  magnitude  higher  or  lower  than  that  in  the  outside 
field. 

The  reasons  for  the  potentially  large  differences  in  intensity 
between  the  inside  and  outside  of  the  sample  holder  can  be  seen  from  a 
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theoretical  analysis  of  a basic  biological  sample  holder  design.  All 
holders  have  a common  basic  design  which  consists  of  four  interfaces 
and  three  sonation  mediums  (Figure  31).  The  differences  in  the  char- 
acteristic impedances,  the  absorption  coefficients  and  the  thicknesses 
of  the  materials  involved  cause  variations  in  ultrasound  reflection 
and  transmission  within  the  sample  holder.  This,  in  turn,  causes  the 
formation  of  standing  waves  in  the  different  medium  with  amplitudes 
determined  by  the  magnitude  of  differences  between  the  media. 

The  theoretical  analysis  of  this  effect  can  be  quite  complex 
but  with  the  aid  of  the  computer,  the  analysis  can  be  simplified. 

Using  the  computer  method  of  Beranek  and  Work  (1949)  (see 
appendix  for  a copy  of  the  computer  program)  a theoretical  analysis 
of  the  transmission  properties  of  any  sample  holder  design  can  be 
accomplished.  An  analysis  of  the  intensity  transmission  coefficient 
(ratio  of  the  intensity  incident  upon  the  first  interface  to  the 
intensity  exiting  the  last  interface)  gives  important  information 
about  the  acoustic  characteristics  of  the  sample  holder  design.  If 
the  intensity  transmission  coefficient  is  close  to  1.0  then  there 
has  been  little  loss  of  transmitted  energy  due  to  interactions  with 
the  interfaces  and  consequently  the  intensity  inside  the  sample 
holder  will  be  close  to  that  of  the  intensity  outside  the  holder. 

If  the  intensity  transmission  coefficient,  however,  is  much  less  than 
1.0  then  some  of  the  transmitted  energy  has  been  reflected  at  one  or 
more  of  the  interfaces  and  the  resulting  intensity  inside  the  sample 
may  be  greater  or  less  than  the  intensity  inside  the  sample  holder 
depending  on  which  interface  is  responsible  for  the  reflections. 

Applying  the  theoretical  analysis  to  the  basic  sample  holder 
design  of  Figure  31  (assuming  walls  made  of  plastic,  biological  medium 
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Transmitted 

Intensity 


= Zg  = 1.43  X 10^  g/cm^-sec  (Castor  Oil) 

Z2  = Z^  = 3.00  X 10^  g/cm^-sec  (Plastic) 

=1.61  X 10^  g/cm^-sec  (Blood) 

C-j  “ Cg  = 1.51  X 10^  cm/sec  (Castor  Oil) 

C2  = C^  = 2.30  X 10^  cm/sec  (Plastic) 

C3  = 1 .57  X 10^  cm/sec  (Blood) 


Figure  31.  Basic  Biological  Sample  Holder  Design 
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of  blood  and  a sonation  medium  of  castor  oil)  shows  the  effect  of 
variations  in  the  ultrasound  frequency  and  dimensions  of  the  sample 
holder.  Figure  32  shows  the  effect  on  the  transmission  coefficient 
for  changes  in  the  ultrasound  frequency.  Figure  33  shows  the  effect 
on  the  transmission  coefficient  for  changes  in  the  thickness  of  the 
sample  holder  walls  and  Figure  34  shows  the  effect  on  the  transmission 
coefficient  for  changes  in  the  thickness  of  the  blood.  These  figures 
show  that  drifting  of  the  ultrasound  frequency  for  the  same  sample 
or  between  exposed  samples  and  small  differences  in  the  thicknesses 
between  sample  holders  can  cause  significant  differences  in  the 
transmission  coefficient  and  consequently  the  intensity  distribution 
inside  of  the  sample  holder.  Just  for  this  simple  case,  the  differences 
in  intensity  could  be  as  high  as  50%  for  slight  changes  in  frequency  or 
dimensions . 

Not  all  biological  sample  holder  designs  are  as  susceptible 
to  changes  in  frequency  and  dimensions  as  the  above  design.  A sample 
holder  design  which  is  almost  totally  void  of  this  susceptibility 
can  be  made  with  the  proper  application  of  the  acoustic  design 
principles.  Two  key  factors,  when  used  in  conjunction  with  each  other, 
can  provide  this  proper  design:  (1)  the  materials  which  are  used  in 
the  design  of  the  sample  holder  must  be  as  closely  matched  for  char- 
acteristic impedance  as  possible  and  (2)  the  thickness  of  the  sample 
holder  windows  must  be  as  thin  as  possible  (see  Introduction,  Physics 
of  Ultrasound).,  preferably  much  less  than  one-quarter  of  the  ultra- 
sound wavelength  in  that  medium.  These  factors  improve  the  trans- 
mission of  the  ultrasound  by  reducing  the  reflections  at  the  inter- 
faces and  effectively  eliminating  the  window  material  as  a medium. 
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Figure  32.  The  Effect  of  Varying  the  Frequency  of  the  Ultrasound  on 
the  Transmission  Coefficient.  The  Major, Resonance  Peaks 
are  Due  to  the  Dimensions  of  the  Blood  Thickness  in  the 
Sample  Holder  and  the  Minor  Resonance  Peaks  are  Due  to 
the  Dimensions  of  the  Lucite  Windows 
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Figure  33.  The  Effect  of  Varying  the  Dimensions  of  the  Lucite 

(Plastic)  Windows  of  the  Sample  Holder  on  the  Transmission 
Coefficient 
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The  above  design  principles  were  utilized  in  the  design  of  the 
biological  sample  holder  used  in  these  studies.  Sample  holders  were 
constructed  with  0.00127  cm  thick  mylar  windows  which  allow  almost 
complete  transmission.  The  theoretical  analysis  for  this  sample  holder 
design  was  shown  previously  in  Figures  23,  24  and  25.  They  show  a very 
low  susceptibility  to  changes  in  frequency  or  dimensions  of  the  sample 
holder  and  consequently  the  design  is  much  more  acceptable  than  the 
design  shown  in  Figure  31. 


0.  Conclusions 

1.  The  ultrasound  and  ionizing  radiation  exposure  system  described  in 
detail  in  this  chapter  has  been  shown  to  provide  known  reproduceable 
exposures  of  blood  samples  to  ultrasound,  ionizing  radiation  and  heat. 
The  exposure  parameters  for  this  system  are: 

a.  Ultrasound  - 1.1  MHz,  CW,  0.0  to  4.0  W/cm^  in  the  far 
field  of  the  transducer. 

b.  Ionizing  Radiation  - Co-60,  117.5  to  131  rads/min,  (1.33 
and  1.17  MeV  photons) . 

c.  Heat  - 24“C  to  50°C. 

2.  Several  limitations  of  the  ultrasound  and  ionizing  radiation 

exposure  system  were  noted  and  proposed  corrective  action  recommended. 

Limitations  of  the  system  included;  sonation  tank  temperature  varia- 

2 

tion  of  + 0.5°C,  maximum  ultrasound  intensity  of  only  4.0  W/cm  , 
slight  variation  of  ultrasound  intensity  distribution  between  different 
sample  holders,  and  no  real  time  cavitation  detection  method. 
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3.  The  design  of  biological  sample  holders  can  not  be  taken  for  granted 
as  has  been  done  in  the  past.  Each  sample  holder  design  provides  a unique 
set  of  acoustic  characteristics  which  determine  its  ability  or  non- 
ability to  perform  its  desired  function  of  exposing  the  biological 
material  to  a known  quantity  of  ultrasonic  energy.  A poorly  designed 
sample  holder  can  provide  exposures  which  are  far  from  the  desired 
value  and  provide  large  variations  in  exposure  within  experiments  and 
between  experiments.  This  fact  may  help  to  explain  the  lack  of  con- 
sistency in  the  literature  concerning  the  biological  effects  of  ultra- 
sound. 
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III.  BIOLOGICAL  STUDIES 

A.  Materials  and  Methods 

Human  lymphocytes  in  whole  peripheral  blood  were  exposed  to 
various  sequences  of  heat,  ultrasound,  ionizing  radiation  or  combina- 
tions thereof  using  the  ultrasound  and  ionizing  radiation  exposure 
system  discussed  in  Chapter  II.  The  exposed  blood  was  then  cultured, 
lymphocytes  harvested  and  mitotic  figures  scored  for  gross  chromosome 
aberrations.  Blood  from  the  same  healthy  male  donor  was  used  through- 
out the  experiments  and  all  biological  experiments  followed  a 
standardized  procedure. 

1.  Biological  Sample  Handing  Procedures 

a.  Blood  samples  were  drawn  no  earlier  than  2 hours  before 
any  experiment  in  sterile  10  cc  Vacutainers  containing  143  U.S.P. 
units  of  sodium  heparin.  Samples  were  well  mixed  and  held  in  a water 
bath  at  37  + O.l^’C  until  used  in  the  experiments. 

b.  Chromosome  Medium  lA,  Cat.  #167L,  Grand  Island  Biological 
Company,  Grand  Island,  N.Y.,  14072,  was  reconstituted  with  5 ml  of 
Special  Diluent  for  lyophilized  chromosome  medium  lA,  Cat.  #1670, 
same  company  using  sterile  technique  and  place  in  the  incubator  at 
37  + 0.1'’C  until  ready  for  innoculation  with  the  blood  sample. 

c.  Blood  was  withdrawn  from  the  Vacutainers  using  sterile  3 cc 
Plastipac  syringes  and  placed  in  sterile  (gas  autoclaved)  biological 
sample  holders.  Various  exposure  sequences  were  conducted  and  blood 
removed  from  the  sample  holders  with  a fresh  sterile  syringe. 
Reconstituted  chromosome  medium  at  37®C  was  innoculated  with  0.2  cc  of 


99 


this  blood. 

d.  Samples  were  incubated  for  48  hours  at  37  + 0.1“C. 

Colcemid,  Cat.  #521L,  same  company,  was  added  to  the  medium  1.5  hours 
before  harvesting  in  a final  concentration  of  0.1  ;ig/ml . 

e.  During  harvesting  the  cells  were  suspended  in  0.075  M KCl 
for  10  minutes,  washed  with  fixative  (3  parts  methanol  to  1 part 
glacial  acetic  acid)  until  clear,  dropped  on  clean  glass  slides,  air 
dried,  stained  with  1 to  20  dilution  Giemsa  for  15  minutes,  and  covered. 

f.  Scoring  of  mitotic  figures  for  chromosome  aberrations  was 
performed  under  oil  objective  at  lOOOX.  All  samples  were  scored 
blind  for  gross  chromosomal  aberrations  and  mitotic  index  (mitotic 
cells/1000  non-mitotic  cells).  Only  those  metaphase  figures  con- 
taining 46  centromeres  were  included  in  the  analysis. 

2.  Biological  Experiments  Performed 

a.  Control  Series 

(1)  A series  of  cultures  were  processed  to  determine 
the  background  aberration  frequency  levels  for  the  blood  donor  who 
was  to  be  used  throughout  the  experiments.  Cultures  were  made 
directly  from  Vacutainers. 

(2)  Blood  was  placed  in  biological  sample  holders  for 
periods  of  30  minutes,  2 hours,  and  6 hours  at  37  + 0.1°C  with  the 
thermocouple  inserted  for  the  first  30  minutes  of  each  exposure. 

Samples  were  incubated  immediately  after  the  hold  period.  These 
exposures  were  conducted  to  determine  the  possible  toxicity  of  the 
biological  sample  holder  and  thermocouple. 
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b.  Ionizing  Radiation  Alone  Series 

(1)  Blood  samples  were  exposed  at  37  + 0.5°C  in  the 
sonation  tank  to  100,  300,  500  rads  Co-60  at  a dose  rate  of  122.0  + 7,0 
rads/min.  Samples  were  incubated  immediately  after  the  exposure.  These 
exposures  were  conducted  to  determine  the  ionizing  radiation  dose 
response  of  the  biological  system. 

(2)  Blood  samples  were  exposed  to  300  rads  Co-60  at  a 
dose  rate  of  131.0  + 7.5  rads/min  and  then  held  for  periods  of  30 
minutes,  2 hours,  and  6 hours  at  37  + 0.1 °C  in  the  biological  sample 
holders.  Samples  were  incubated  immediately  after  the  hold  period. 

These  exposures  were  conducted  to  determine  if  a delay  in  incubation 
had  an  effect  on  the  aberration  frequencies. 

c.  Ultrasound  Alone  Series 

(1)  Blood  samples  were  exposed  to  0.5,  1.0,  2.0, 

2 

4.0  W/cm  , 1.1  MHz,  CW,  ultrasound  for  30  minutes  with  an  initial 
sonation  tank  temperature  of  37°C.  Samples  were  incubated  immediately 
after  the  ultrasound  exposures.  Temperature  profiles  were  recorded. 
These  exposures  were  conducted  to  ds ^.ermine  the  ultrasound  dose 
response. 
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2 

(2)  Blood  samples  were  exposed  to  3 W/cm  , 1.1  MHz, 
CW,  ultrasound  for  periods  of  30,  45,  60  and  90  minutes  from  an 
initial  sonation  tank  temperature  of  37°C.  Samples  were  incubated 
immediately  after  the  exposure.  Temperature  profiles  were  recorded. 
Exposures  were  conducted  to  determine  the  effect  of  ultrasound 
exposure  time. 

d.  Heat  Alone  Series 

(1)  Blood  samples  were  exposed  to  37  + 0.1  , 39  + 0.1  , 
41  + 0.1  , 43  + 0.1  , 46  + 0.1  and  50  + 0.1°C  for  a period  of  30  minutes 
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to  determine  the  effect  of  temperature  for  a set  exposure  time. 

(2)  Blood  samples  were  exposed  to  43  + 0.1 “C  for 
periods  of  30,  45,  60,  and  90  minutes  to  determine  the  effect  of 
exposure  time. 

e.  Combined  Ultrasound  and  Ionizing  Radiation  Series 

(1)  Blood  samples  were  exposed  to  sequences  of  ultra- 
sound and  ionizing  radiation  shown  in  Figure  35.  All  ionizing  radia- 
tion exposures  were  300  rads  at  122.0  to  117.5  rads/min  (dose  rate 

different  due  to  exposures  at  different  times)  and  the  ultrasound  was 
2 

3 W/cm  , 1.1  MHz,  CW.  These  exposures  were  conducted  to  determine  the 
response  of  the  biological  system  to  various  sequences  of  application 
of  the  ultrasound  and  ionizing  radiation. 

(2)  Blood  samples  were  exposed  to  sequences  no.  1,  2, 

4 and  7 of  ultrasound  and  ionizing  radiation  as  shown  in  Figure  35. 

All  radiation  exposures  were  100  rads  at  117.5  + 11.7  rads/min  and  the 

2 

ultrasound  exposures  were  at  3 W/cm  , 1.1  MHz,  CW.  These  exposures 
were  performed  to  determine  the  effect  of  a change  in  the  magnitude 
of  the  radiation  dose. 

(3)  Blood  samples  were  exposed  to  30  minutes  of  ultra 

2 

sound  at  .01,  1.5,  3.0  W/cm  with  300  rads  at  117.5  + 11.7  rads/min 
given  at  the  midpoint  of  the  30  minute  ultrasound  exposure.  The 
starting  sonation  tank  temperature  was  24°C  for  this  series  instead 
of  the  S/^C  temperature  of  the  previous  experiments.  These  exposures 
were  conducted  to  determine  the  effect  of  ultrasound  intensity  on 
the  aberration  frequency  for  combined  ultrasound  and  i<  .izing  radia- 
tion. The  ultrasound  intensity  levels  were  chosen  so  as  to  give  an 
equilibrium  temperature  in  the  sample  holder  of  24“,. 30“  and  37“C 
respectively. 


’30  min" 


►■—30  min' 


45  min 


60  min 


Rise  and  Decay  Time  of  the  Temperature  in  Sample  Holder  are 
Approximately  5 Minutes  Each 

♦Note:  Sequence  No.  6 Not  Run  For  Heat  Plus  Ionizing  Radiation 


Figure  35.  Exposure  Sequences  for  Heat  or  Ultrasound  Plus  Ionizing 

Radiation.  Temperatures  Shown  are  Either  the  Conductively 
Heat  Produced  Temperature  or  the  Temperature  Induced  by 
3.0  W/cm2,  CW,  1.1  MHz  Ultrasound 
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f.  Combined  Heat  Plus  Ionizing  Radiation  Series 

(1)  Blood  samples  were  exposed  to  the  sequences  of  heat 

and  ionizing  radiation  shown  in  Figure  35.  All  radiation  exposures  were 

300  rads  at  122.0  to  117.5  rads/min  (dose  rates  different  due  to 

exposure  at  different  time).  These  sequences  duplicate  the  temperature 

2 

profiles  induced  by  3 W/cm  ultrasound  at  1.1  MHz,  CW  and  serve  as  an 
environmental  control  for  the  combined  ultrasound  and  ionizing 
radiation  series  no.  1. 

(2)  Blood  samples  were  exposed  to  sequences  no.  1,  2, 

4 and  7 of  heat  and  ionizing  radiation  shown  in  Figure  35.  All 

radiation  exposures  were  at  100  rads  at  117.5  + 11.7  rads/min.  These 

2 

exposures  duplicate  the  temperature  profiles  induced  by  3 W/cm  ultra- 
sound and  serve  as  an  environmental  control  for  the  combined  ultra- 
sound and  ionizing  radiation  series  no,  2. 

(3)  Blood  samples  were  exposed  to  30  minutes  of  heat 
at  24  + 0.5°,  30  + 0.5°,  37  + 0.5°,  43  + 0.5°C  with  300  rads  at  122.7  + 
7.0  rads/min  given  at  the  midpoint  of  the  30  minute  heat  exposure. 

This  experiment  was  designed  to  determine  the  effect  of  temperature 
during  irradiation  and  to  provide  environmental  controls  for  the  com- 
bined ultrasound  and  ionizing  radiation  series  no.  3. 

3.  Analysis  of  the  Data 

a.  Raw  Data 

For  each  experiment  noted  above  the  following  data  were 
gathered;  mitotic  index,  number  of  aberrant  cells,  number  of  mitotic 
figures  scored,  and  number  of  chromosomal  acentric  fragments,  minutes, 
dicentrics,  and  centric  rings. 
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b.  Summary  Data 

The  raw  data  were  processed  by  computer  to  give  the  following 
information:  deletions,  total  exchanges  (dicentrics  plus  centric 
rings),  aberration  frequencies  (aberrations/metaphase  scored)  and 
standard  errors  (assumes  poisson  distribution  of  aberrations  [Lloyd 
et  al  (1975)])  for  all  aberrations.  Mitotic  index  values  are  included 
in  the  summary  data,  also. 

c.  Statistical  Analysis  of  Data 

Selected  summary  data  for  each  exposure  sequence  were  analyzed 
using  the  computer  to  determine  if  there  was  a statistically  signifi- 
cant difference  between  the  various  exposures  and  their  control  values. 
Only  the  deletions,  exchanges  and  aberrant  cells  were  chosen  for  the 
statistical  analysis.  Deletions  provide  an  indication  of  the  non- 
repaired chromosome  damage,  exchanges  provide  an  indication  of  the 
repaired  or  mis-repaired  chromosome  damage,  and  the  aberrant  cells 
provide  an  indication  of  the  total  amount  of  chromosome  damage.  No 
statistical  analysis  was  performed  on  the  mitotic  index  because  of  its 
great  variability.  It  is  included  in  the  summary  data  for  complete- 
ness and  to  provide  information  on  gr;oss  cellular  effects.  The 
ionizing  radiation  alone  exposures  (100  or  300  rads  at  ST^C)  were 
used  as  control  values  to  determine  if  the  combined  sequences  of  heat 
or  ultrasound  plus  ionizing  radiation  were  significantly  different 
from  radiation  alone.  The  heat  plus  ionizing  radiation  sequences  were 
then  used  as  control  values  to  determine  if  there  was  a statistically 
significant  difference  between  combined  heat  plus  ionizing  radiation 
and  combined  ultrasound  plus  ionizing  radiation.  The  two  sided 
students  t-test  [Armitage  (1974)]  was  utilized  for  the  analysis  with 
the  probabilities  reported.  A probability  of  < 0.05  was  chosen  as  the 


105 


level  of  statistical  significance. 

d.  Determination  of  the  Sensitivity  of  the  Statistical  Analysis 

An  analysis  was  performed  to  determine  the  sensitivity  of  the 
method  used  in  the  statistical  analysis  shown  above  using  the  method 
of  Armitage  (1974).  The  purpose  of  this  analysis  was  to  determine  the 
appropriate  number  of  metaphase  figures  that  must  be  scored  to  achieve 
sufficient  sensitivity  in  the  statistical  analysis  and  to  provide 
assistance  in  the  interpretation  of  the  results.  The  statistical 
criteria  chosen  for  this  analysis  were  an  Alpha  Error  of  0.05  and 
Beta  Error  of  0.1  for  a two  sided  probability  test. 

B.  Results 

1.  Determination  of  the  Sensitivity  of  the  Statistical  Analysis 

The  results  of  the  analysis  to  determine  the  sensitivity  of  the 
statistical  analysis  are  shown  in  Figures  36  and  37.  Figure  36  shows 
the  number  of  mitotic  figures  which  must  be  scored  vs  the  difference 
from  the  aberration  frequency  (selected  as  0.5  for  this  example  but 
could  be  calculated  for  any  value  of  aberration  frequency).  This 
figure  shows  that  the  sensitivity  (the  smallest  statistically 
significant  difference  between  exposures)  of  the  analysis  improves 
with  increase  in  the  number  of  metaphases  scored  but  above  200  meta- 
phases scored  very  little  sensitivity  is  gained  by  larger  sample  size. 

A total  of  200  metaphase  figuriS  was  chosen  as  the  sample  size  for 
these  experiments  because  it  is  considered  large  enough  to  provide 
good  sensitivity  but  small  enough  to  provide  data  collection  in  a 
reasonable  length  of  time. 
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Figure  36.  Number  of  Metaphase  Figures  that  Must  be  Scored  to  Achieve 
the  Smallest  Signif-’cant  Difference  From  the  Aberration 
Frequency  for  Fixed  Alpha,  Beta  and  Aberration  Frequency. 
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Aberration  Frequency 
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Figure  37.  Aberration  Frequency  vs  the  Difference  from  the  Aberration 
Frequency  for  Fixed  Alpha,  Beta  and  Sample  Size 


108 


Figure  37  shows  the  sensitivity  of  the  analysis  for  the  chosen 
sample  size  of  200  metaphase  figures.  This  figure  shows  that  the 
smallest  difference  between  exposures  that  one  can  expect  to  resolve 
statistically  is  not  constant  with  respect  to  the  aberration  frequency. 
At  lower  aberration  frequencies  (<0.2  aberrations  per  cell)  the 
sensitivity  of  the  statistical  method  is  not  as  good  as  it  is  at  higher 
levels  on  a percentage  basis.  For  example,  the  smallest  percentage 
difference  that  can  be  seen  at  0.1  aberration  frequency  is  80%  whereas 
the  difference  for  0.5  aberration  frequency  is  36%. 

An  attempt  was  made  in  all  experiments,  where  a statistical 
analysis  was  to  be  performed,  to  score  200  metaphase  figures.  However, 
in  several  experiments  200  scoreable  metaphase  figures  were  not  found 
and  the  analysis  had  to  be  made  using  a smaller  sample  size. 

2.  Control  Series 

Control  Series  No.  1 showed  that  the  background  level  of 
aberrations  in  200  metaphases  scored  in  the  blood  donor  was  effectively 
zero.  The  results  of  Control  Series  No.  2 are  shown  in  Table  5.  There 
were  no  aberrations  noted  in  any  of  the  blood  samples  held  for 
various  time  periods  in  the  sample  holders.  There  appears  to  be  no 
cell  toxicity  from  the  materials  in  the  biological  sample  holder.  The 
slightly  elevated  mitotic  index  for  the  6 hour  hold  period  can  not  be 
explained  but  it  appeared  to  have  no  effect  on  the  aberration  frequency. 

3.  Ionizing  Radiation  Alone  Series 

a.  The  results  of  the  Ionizing  Radiation  Alone  Series  No.  1 
are  shown  in  Table  A1  (summary  data)  and  Figure  38  (graphical  represen- 
tation of  summary  data).  The  dose  response  of  this  biological  exposure 
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Table  5 


Test  for  Biological  Sample  Holder  Toxicity 


Time  in 
Sample  Holder 

Mitotic  Index 

Metaphase  Cells/1000  Cells 

Metaphases 

Scored 

Aberrations 

No  Hold 

4.5 

100 

0 

30  Min 

5.5 

100 

0 

2 hrs 

4.6 

100 

0 

6 hrs 

15.2 

100 

0 

All  Samples  Held  At  37  + 0.1°C  At  All  Times. 


Aberration  Frequency  - Number  of  Aberrations/Metaphases  Scored 
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system  appears  to  be  consistent  with  the  literature  (see  Chapter  I, 
Chromosome  Aberrations  from  Ionizing  Radiation). 

b.  The  results  of  the  Ionizing  Radiation  Alone  Series  No.  2 
are  shown  in  Table  A2  (summary  data)  and  Table  6 (statistical  analysis). 
There  appears  to  be  no  statistically  significant  difference  between  the 
samples  and  consequently  no  apparent  effect  of  delaying  the  incubation 
of  irradiated  blood  samples  for  periods  up  to  6 hours  provided  the 
samples  are  held  at  37  + 0.1°C.  This  result  is  consistent  with  the 
literature  (Vekemans  and  Leonard  (1977)). 

4.  Ultrasound  Alone  Series 

a.  The  results  of  the  Ultrasound  Alone  Series  No.  1 are  shown 

in  Table  7.  There  were  no  chromosome  aberrations  found  in  any  of  these 

2 

30  minute  ultrasound  exposures  at  intensities  up  to  4 W/cm  . The  lack 
of  chromosome  aberrations  at  the  ultrasound  intensities  used  is  con- 
sistent with  the  literature  (see  Chapter  I,  Chromosome  Aberrations  Due 
to  Ultrasound  Alone).  The  mitotic  index  was  depressed  slightly  at  the 
higher  intensities  but  was  not  greatly  different.  The  peak  temperatures 
(equilibrium  temperatures)  which  resulted  in  the  samples  due  to  the 
ultrasound  exposure  are  shown.  In  no  case  did  the  temperature  exceed 
45‘>C. 

b.  The  results  of  the  Ultrasound  Alone  Series  No.  2 are  shown 

2 

in  Table  8.  All  exposures  at  3 W/cm  , CW,  1.1  MHz,  for  various  time 
periods,  showed  no  aberrations  and  the  mitotic  index  was  only  slightly 
depressed  at  the  longer  exposure  periods.  All  equilibrium  temperatures 
were  43  + 0.5°C. 
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Table  6 


STATISTICAL  AlfALYSIS  FOR  RADIATION  ALONS  SERIES  NO.  2 


DIFFERENCr.  FROH  CONTROL  VALUES 

EXPOSURE  SEQUENCE  DELETIONS  EXCHANGES  ABERR.\NT 

CELLS 


300  R.M)S  INCUBATE  -0.026  -0.029  -0.042 

AFTER  30  MINUTES  DELAY 

AT  37C  P=e.682  P=0.771  P=0.700 


300  RADS  INCUBATE  0.090  -0.027  0.033 

AFTER  2 HOURS  DELAY  AT 

37C  P«e. 197  P=0.774  P=0.748 


300  RADS  INCUBATE  0.039  -0.019  0.011 

AFTER  6 HOURS  DELAY  AT 

37C  P30.S76  P=0.851  P=0.923 


CONTROL  VALUE  IS  300  RADS  INCUBATE  IMMEDlATFXY 


Table  8 

Effect  of  Ultrasound  Exposure  Time 


Time  Exposed  to 
Ultrasound 

Mitotic 

Index 

Metaphases 

Scored 

Aberrations 

0 (no  exposure) 

6.0 

50 

0 

30 

5.0 

50 

0 

45 

1.0 

50 

0 

60 

3.0 

50 

0 

Equilibrium  Temperatures  in  Samples  was  43  0.5°C 

2 

Ultrasound  Exposures  were  3.0  W/cm  , CW,  1.1  MHz. 
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5.  Heat  Alone  Series 

a.  The  results  of  the  Heat  Alone  Series  No.  1 are  shown  in 

Table  9.  There  appears  to  be  no  chromosome  aberration  induction  due 

to  the  heating  but  the  mitotic  index  and  the  number  of  cells  remaining 
in  the  culture  drop  to  zero  somewhere  between  43  and  Ae^C.  There 

was  no  difference  between  the  cultures  at  the  beginning  or  end  of  the 
experiment,  also. 

b.  The  results  of  the  Heat  Alone  Series  No.  2 are  shown  in 
Table  10.  No  chromosome  aberrations  were  noted  for  any  of  the  exposure 
times  at  43  + 0.5°C  and  the  mitotic  index  was  not  significantly  altered 
for  exposures  up  to  60  minutes. 

6.  Combined  Ultrasound  and  Ionizing  Radiation 

a.  The  results  of  the  Combined  Ultrasound  and  Ionizing  Radia- 
tion Series  No.  1 are  shown  in  Table  A3  (summary  data)  and  Table  11 

(statistical  analysis).  Table  A3  shows  no  consistent  trend  in  the 
mitotic  index  with  exposure  sequence.  Table  11  shows  that  there  is 
no  statistically  significant  difference  between  the  control  (sequence 
1)  and  sequences  2 or  7 for  any  aberrations  but  there  is  a difference 
for  exchange  aberrations  in  sequences  3-6.  There  is  no  consistent 
difference  for  deletions  or  aberrant  cells  for  any  sequences.  Further 
statistical  analysis  of  sequences  3-6  was  performed  to  determine  if 
there  is  an  increasing  or  decreasing  trend  in  the  aberration  frequencies 
with  increasing  ultrasound  duration  after  irradiation.  (Zero  time  for 
sequence  3,  13.5  minutes  for  sequence  4,  28.5  minutes  for  sequence  5, 
43.5  minutes  for  sequence  6).  This  analysis  is  shown  in  Table  12 
with  a linear  regression  performed  on  the  data  and  a statistical  test 
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Table  9 

Effect  of  Heat  Alone 


Temperature 

Mitotic 

Metaphases 

°C 

Index 

Scored 

Aberrations 

37  (start) 

5.6 

50 

0 

39 

5.0 

50 

0 

41 

9.0 

50 

0 

43 

3.3 

50 

0 

46 

0.0 

0 

N/A 

50 

N/A 

37  (end) 

8.0 

50 

0 

All  Samples  Exposed  for  30  Minutes 


1 

Time  at  43°C 
Temperature-Mi n 

Mitotic 

Index 

Meta phases 
Scored 

Aberrations 

0 

15.0 

50 

0 

30 

3.3 

50 

0 

45 

11.3 

50 

0 

60 

13.6 

50 

0 

118 


Table  11 


STATISTICAL  ANALYSIS  FOR  ULTRASOUND  AND  IONIZING  RADIATION  FOR  300  RAPS 


DIFFERENCE  FROM  CONTROL  VAI.UES 


EXPOSURE  SEOUENCE 

DFJLETIONS 

EXCHA.NCES 

ABERRANT 

CELLS 

300  RADS  IMMEDIATELY 
AF1T.R  SO  MINUTES 

-0.024 

-0.021 

0.026 

ULTIvASOUND  (SEQUENCE 

2) 

P= 0.640 

P= 0.709 

P= 0.709 

300  ILADS  SIMULTANEOUS 
WITK  ULTR,‘*OUriD 

0.  105 

0.  139 

0.  124 

(SE(iUENCE  3) 

P= 0.045 

P=O.0I6 

P= 0.072 

300  RADS  S1MUI.TANE0US 
WITU  30  MINUTES 

-0.067 

0.220 

0.070 

ULTRASOUND  (SEQUENCE 

4) 

P=O.061 

P<0.001 

P=0. 168 

300  BADS  SIJIULTANEOUS 
WITH  45  MINUTES 

0.016 

0.  165 

-0.057 

ULTRASOUND  (SEQUENCE 

5) 

P= 0.772 

P= 0.009 

P=0.436 

300  RADS  SIMULTANEOUS 
WITH  60  NlNUTf-S 

0.063 

0.230 

0.  143 

OLTIUSOUND  (SEQUENCE 

6) 

P-0. 308 

P<0.0OI 

P=0.083 

300  RADS  IMMEDIATELY 
BEFORE  30  MINirPES 

0.  109 

-0.002 

0.036 

ULTRASOUND  (SEQUENCE 

7) 

P=0.052 

P=0.971 

P=0.623 

CONTROL  VALUE  IS  300  RADS  INCl^BATE  I MMED I ATT-LY  CONSOLIDATED  VALUE  (SFAIUENCE  I) 
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Table  12 

Effect  of  Increasing  the  Duration  of  Ultrasound  After  Irradiation 


Total  Time  of 
Exposure  After 
Radiation-Min 

Aberration  Frequencies 

Aberrant 

Cells 

Deletions 

Exchanges 

0 (Sequence  3) 

0.850 

0.490 

0.605 

13.5  (Sequence  4) 

0.751 

0.318 

0.686 

28.5  (Sequence  5) 

0.624 

0.401 

0.631 

43.5  (Sequence  6) 

0.824 

0.448 

0.696 

Intercept 

0.760 

0.418 

0.623 

Slope 

-0.000419 

-0.000197 

+0.00147 

t-statistic 

0.124 

0.071 

1 .160 

Probabil ity 

0.912 

0.949 

0.366 

Correlation 

Coeff  i^'ient 

-0.087 

-0.050 

0.634 
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to  determine  if  the  slope  of  the  regression  line  is  significantly 
different  from  zero.  Table  12  shows  that  none  of  the  aberration 
frequencies  has  a slope  significantly  diffei-ent  from  zero  but  the 
slopes  of  the  regression  lines  are  shown  to  be  slightly  positive  for 

the  exchange  aberrations  and  slightly  negative  for  the  deletions  and 

aberrant  cells.  The  correlation  coefficients  are  shown  to  be  quite 
low  for  all  aberrations  indicating  the  lack  of  linearity  in  the  data. 

b.  The  results  of  the  Combined  Ultrasound  and  Ionizing 

Radiation  Series  No.  2 (100  rads)  are  shown  in  Table  A4  (summary  data) 

and  Table  13  (statistical  analysis).  Table  A4  shows  no  apparent 

trend  in  mitotic  index  for  the  exposure  sequences.  Table  13  shows 
that  there  is  no  statistically  significant  difference  between  the 
control  (sequence  1)  and  sequences  2 or  7 for  any  aberrations  but  there 
is  a difference  for  exchanges  and  aberrant  cells  in  sequence  4. 

c.  The  results  of  the  Combined  Ultrasound  and  Ionizing 
Radiation  Series  No.  3 are  shown  in  Table  A5  (summary  data)  and 
Figure  39.  Table  A5  shows  a slight  downward  trend  in  mitotic  index 
with  increasing  intensity.  Figure  "^9  shows  the  effect  of  ultrasound 
intensity  on  the  aberration  frequencies.  Further  statistical  analysis 
of  these  data  was  performed  to  determine  if  there  is  an  increasing 

or  decreasing  trend  in  the  aberration  frequencies  with  increasing 
ultrasound  intensity.  This  analysis  is  shown  in  Table  14  with  a 
linear  regression  performed  and  a statistical  test  to  determine  if  the 
slope  of  the  regression  line  is  significantly  different  from  zero. 

Table  14  shows  that  the  deletions  and  exchanges  approximate  a linear 
function  with  correlation  coefficients  greater  than  0.88  but  none  of 
the  slopes  are  significantly  different  from  zero.  Although  not 
significant  the  slopes  of  the  regression  lines  for  deletions  are 
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Table  13 


r 

l! 

STATISTICAL  AKALYSIS  FOR  ULTRASOraO  AMD  lOKIZIRG  RADIATION  FOR  lOO  RADS 


DIFFERENCE 

FROM  CONTROL  VALUES 

EXPOSURE  SEQUENCE 

DELETIONS 

EXCaVNGES 

ABEPRAST 

CELLS 

100  RADS  ITOffiDIATELY 
AFTER  30  mNUTES 

0.OS0 

-0 . 033 

-0.015 

ULTRASOUND  (SE(ilIENCE 

2) 

P= 0.346 

P=0. 147 

P= 0.702 

100  RADS  SIMULTANEOUS 
Win;  ULTRASOUND 

0.035 

0.067 

0.090 

(SEQUENCE  4) 

P= 0.275 

P=0.014 

P= 0.034 

100  RADS  IMMI':DIATELY 
BEFORE  30  MlHi.TES 

0.045 

0.032 

0.045 

ULnUASOUND  (S£(iUENCE 

7) 

P=0. 165 

P= 0.207 

P= 0.274 

CONTROL  VALUE  IS  100  RADS  INCirRATE  IIMEDI ATELY  CONSOLIDATED  VALUE  (SEQUENCE  I) 


I 


L 


jre  39.  Effect  of  Ultrasound  Intensity  When  Used  Simultaneous  with  300  rads  Ionizing  Radiation 
(30  Minutes  Ultrasound  with  Radiation  Given  at  Mid-point  of  Ultrasound  exposure). 
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slightly  negative  and  for  exchanges  and  aberrant  cells  is  slightly 
positive. 

d.  A statistical  comparison  was  performed  between  sequence  4 

2 

of  Table  A3  and  the  3.0  W/cm  ultrasound  exposure  of  Table  A5.  This 
comparison  is  between  identical  intensity  ultrasound  and  ionizing 
radiation  exposures  but  different  equilibrium  sonation  tank  tempera- 
tures. Sequence  4 of  Table  A3  was  for  an  equilibrium  temperature  of 

2 

43°C  and  the  3.0  W/cm  ultrasound  exposure  of  Table  A5  is  for  a sona- 
tion tank  equilibrium  temperature  of  37°C.  The  results  of  the  com- 
parison, Table  15,  show  a statistically  significant  difference  between 
the  exchange  aberration  frequencies  but  not  the  aberrant  cells  or 
deletions. 

7.  Combined  Heat  and  Ionizing  Radiation  Series 

a.  The  results  of  the  Combined  Heat  and  Ionizing  Radiation 
Series  No.  1 (300  rads)  are  shown  in  Table  A6  (summary  data)  and 
Table  16  (statistical  analysis).  Table  A6  shows  that  the  mitotic 
index  is  not  affected  for  sequences  2 or  7 but  is  affected  for 
sequences  3-5.  (Note  that  sequence  6 was  not  performed  for  this 
series  due  to  the  pronounced  depression  of  the  mitotic  index  at  the 
longer  duration  exposure  of  sequence  6).  The  effect  becomes  quite 
pronounced  as  the  duration  of  the  heat  is  increased  (sequence  3-5). 
Table  16  shows  that  there  is  no  statistically  significant  difference 
between  the  control  (sequence  1)  and  sequences  2 or  7 for  any 
aberration  but  there  is  a difference  for  exchange  aberrations  for 
sequences  3-5.  There  is  no  consistent  difference  for  aberrant  cells 
or  deletions  for  any  of  the  sequences.  Further  statistical  analysis 
was  performed  to  determine  if  there  is  an  increasing  or  decreasing 


Table  15 
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Table  16 


STATISTICAL  AHALYSIS  FOR  HEAT  ARD  I0HI71RC  RADIATIOW  FOR  30©  RADS 


DIFFERENCE  FROM  CONTROL  VALUES 

EXPOSURE  SEOUENCE  DELETIONS  EJflCHANGES  ABERILWT 

CELLS 


300  RADS  IfDIEDlATELY  O.06S  -0.021  0.02<) 

AFTER  30  MINUTES  AT 

43C  (SEttUENCE  2)  P=O.208  P=0.7O4  P=0.670 


300  RADS  AT  43C  -0.029  0.165  0.037 

INCUBAl-E  IMMEDIATELY 

(SEQUENCES)  P=0.601  P=0.011  P=0.433 


300  RADS  SinULT.\NEOUS  0.087  0.147  0.048 

WITH  30  MINUTES  AT  43C 

(SEQUENCE  4)  P=0.031  P=0.OO1  P=0.335 


300  RADS  SIMULTANEOUS  0.064  0.248  0.136 

WITH  45  MINUTES  AT  43C 

(SEQUENCE  5)  P=0.491  P=0.O16  P=O.208 


300  RADS  SIMULTANEOUS  Sequence  Not  Performed 

WITH  60  MINUTES  AT  43C 
(SEQUENCE  6) 


300  RADS  IMMEDIATELY  -0.033  0.004  0.004 

BEFOlU;  30  MINITES  AT 

4aC  (SEQUENCE  7)  P=0.4a2  P»0.943  P*0.955 


CONTROL  VALUE  IS  300  RADS  INCUBATE  IMMEDIATELY  CONSOLIDATED  VALUE  (SEQUENCE  I) 


A, 
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trend  in  the  aberration  frequencies  with  increasing  heat  duration 
after  radiation  (zero  time  for  sequence  3,  13.5  minutes  for  sequence  4, 
and  28.5  minutes  for  sequence  5).  This  analysis  is  shown  in  Table  17 
with  a linear  regression  performed  and  a statistical  test  to  determine 
if  the  slopes  of  the  regression  lines  are  significantly  different  from 
zero.  Table  17  shows  that  none  of  the  aberration  frequencies  has  a 
slope  significantly  different  from  zero  but  the  slopes  of  the 
regression  lines  are  slightly  positive  for  all  aberration  types.  The 
correlation  coefficients  of  the  regression  lines  show  that  the 
aberration  data  is  marginally  linear. 

b.  The  results  of  the  Combined  Heat  and  Ionizing  Radiation 
Series  No.  2 (100  rads)  are  shown  in  Table  A7  (summary  data)  and 
Table  18  (statistical  analysis).  Only  exposure  sequences  1,  2,  4 and 
7 were  conducted  for  these  100  rad  exposures.  Table  A7  shows  that 
there  is  no  major  effect  on  the  mitotic  index  for  any  sequence  of 
exposure.  Table  18  shows  that  there  is  no  statistical  significant 
difference  between  the  control  (sequence  1)  and  any  of  the  exposure 
sequences . 

c.  The  results  of  the  Combined  Heat  and  Ionizing  Radiation 
Series  No.  3 are  shown  in  Table  A8  (summary  data)  and  Figure  40. 

Table  A8  shows  that  the  mitotic  index  is  reduced  as  the  temperature 
Increases  but  is  not  drastically  altered  over  the  range  of  tempera- 
tures used.  Figure  40  shows  the  effect  of  temperature  on  the 
aberration  frequencies.  Further  statistical  analysis  of  these  data 
was  performed  to  determine  if  there  is  an  increasing  or  decreasing 
trend  in  the  aberration  frequencies  with  increasing  temperature. 

This  analysis  is  shown  in  Table  19  with  a linear  regression  performed 
and  a statistical  test  to  determine  if  the  slope  of  the  regression 


Table  18 
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Exchanges 
Aberrant  Cells 


Temperature  During  Irradiation 


Table  19 
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line  is  significantly  different  from  zero.  Table  19  shows  that  all 
aberrations  approximate  linear  functions  with  correlation  coefficients 
in  excess  of  0.877  and  that  the  slopes  of  the  regression  lines  for 
deletions  and  aberrant  cells  are  significantly  different  from  zero. 

The  slope  of  the  regression  line  for  exchanges  is  marginally  signifi- 
cant at  p = 0.061  . 

8.  Comparison  of  Heat  plus  Ionizing  Radiation  and  Ultrasound  plus 
Ionizing  Radiation 

a.  A comparison  of  the  heat  or  ultrasound  and  ionizing 
radiation  Series  No.  1 exposures  was  made  using  the  data  in  Tables 
A3  and  A6  to  determine  if  there  were  statistically  significant 
differences  between  aberration  frequencies  caused  by  heat  or  ultra- 
sound. The  heat  plus  ionizing  radiation  sequences  were  used  as  con- 
trol values  and  the  results  are  shown  in  Table  20.  It  can  be  seen 
that  the  only  significant  differences  exist  for  deletion  aberrations 
for  sequences  4 and  7. 

b.  A similar  comparison  of  the  heat  or  ultrasound  and 
ionizing  radiation  Series  No.  2 exp  )sures  was  made  using  Table  A4 
and  A7.  The  results  in  Table  21  show  that  there  is  a statistically 
significant  difference  between  heat  and  ultrasound  for  exchange 
aberrations  in  sequence  4. 

c.  A comparison  of  the  heat  or  ultrasound  and  ionizing 
radiation  Series  No.  3 exposures  was  made  using  the  data  in  Tables  A5 
and  A8.  The  results  in  Table  22  show  that  there  are  no  statistically 
significant  differences  between  the  heat  and  ultrasound  exposures.  It 
should  be  noted  that  only  the  24°,  30°,  and  37°C  exposures  were 
compa red . 


133 


Table  20 


STATISTICAL  ANALYSIS  FOR  COMPARISON  OF  HEAT  OR  ULTRASOl'ND  AND  IONIZING  RADIATION 


DIFFERENCE  FROM  CONTROL  VAT.UES 
EJTOSURE  SEOO'ENCE  DELETIONS  EXCHANGES  ABERILVNT 

ci-;j,:>s 


300  RADS  IMMEDIATELY  -0.089  0.000  -0.003 

At'TIiH  HEAT  OH 

ULTH-ASOUND  ( SEUUERCE  P=0.  170  P=  1.000  P=0.970 

2) 


300  RADS  SIMULTANEOUS  0.134  -0.020  0.007 

Vm:  HEAT  OR  US 

(SEQUENCES)  P=0.06O  P=0.76t  P=0.484 


300  PJVDS  SliNULTANEOUS  -0.134  0.073  0.G22 

VITH  30  MIN.  HEAT  OR 

ULTRASOUriD  (SEOUENCE  P< 0.001  P=0.  163  P=0.693 

4) 


300  F..\DS  SINULT.ANEOUS  -0.048  -0.084  -0.213 

WITH  45  MIN.  HEAT  OR 

ULTRASOUND  (SEQUENCE  P=0.650  P=0.527  P=0.  1 15 

3) 


300  RADS  SINLETANEOUS 

WITH  60  MIN.  HEAT  OR  Comparison  can  not  be  made 

ULTRASOUND  (SEuUENCE 
6) 


300  RADS  irrKDIATELY  0.144  -0.006  0.032 

BEFOtlE  HEAT  OH 

ULTRASOUND  (SEQUENCE  P=0.034  P=0.932  P=0.7t7 

7) 


CONTl'OL  VALUE  IS  000  RADS  INCUBATE  IMMEDIATELY  CONSOL  ID  VIED  VALUE  ( SKQIIENCE  1) 
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135 


CSJ 

CVJ 

Q) 


Table  23 
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CONTROL  VALUE  IS  CONSOLIDATED  VALUE 


137 


9.  Comparison  of  All  Ionizing  Radiation  Alone  Exposures 

A comparison  of  all  300  rad  37'’C  exposures  with  immediate 
incubation  was  conducted  to  determine  if  reproduceable  numbers  of 
aberrations  were  being  found  for  radiation  exposures  that  were  con- 
ducted at  different  times.  Four  separate  300  rad  at  37°C  incubate 
immediately  exposures  were  made  at  different  times  throughout  the 
conduct  of  the  experiments  which  served  as  radiation  controls  for 
individual  experiments.  The  summary  data  for  the  four  exposures 
and  a consolidated  control  (sum  of  all  individual  series)  is  shown 
in  Table  A9.  The  statistical  analysis  (Table  23)  shows  that  there 
is  no  statistically  significant  difference  between  the  consolidated 
value  and  any  of  the  other  control  series  for  any  type  of  aberration 
frequency. 


C.  Discussion 

The  discussion  of  the  biological  experiments  include  a dis- 
cussion of  the  significant  results  of  these  experiments,  the 
limitations  of  the  biological  system  used  in  these  experiments,  and 
the  potential  impact  of  these  results  on  the  population  in  general, 
as  well  as  cancer  therapy  patients  and  the  fetal  population  in 
particular. 

1.  Discussion  of  the  Significant  Results  of  the  Biological  Experiments 

The  discussion  of  the  significant  results  includes  a brief 
summary  of  the  significant  results  to  add  clarity  to  the  further  dis- 
cussion, an  analysis  of  the  baseline  experiments  (control  series, 
ultrasound  alone,  heat  alone,  ionizing  radiation  alone),  a discussion 
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of  the  effects  of  combined  applications  of  heat  or  ultrasound  and 
ionizing  radiation  and  finally,  a comparison  between  the  effects  of 
heat  plus  ionizing  radiation  and  ultrasound  plus  ionizing  radiation, 
a.  Summary  of  Significant  Results 

(1)  Control  Experiments 

(a)  No  aberrations  were  found  in  the  donor's 

blood. 

(b)  Storage  of  blood  in  biological  sample 
holders  at  37°C  for  periods  up  to  6 hours  did  not  produce  any 
aberrations. 

(2)  Ionizing  Radiation  Alone 

(a)  The  dose-response  relationships  for  the 
chromosome  aberration  endpoint  used  in  this  biological  system  followed 
that  found  in  the  literature. 

(b)  Holding  ionizing  radiation  exposed  blood 
samples  in  the  biological  sample  holders  at  37°C  for  periods  up  to  6 
hours  had  no  effect  on  the  aberration  frequencies. 

(3)  Ultrasound  Alone 

(a)  No  aberrations  were  caused  by  30  minute 
2 

exposures  of  up  to  4.0  W/cm  ultrasound. 

2 

(b)  No  aberrations  were  caused  by  3.0  W/cm 
ultrasound  for  exposure  periods  of  up  to  60  minutes. 

(4)  Heat  Alone 

(a)  No  aberrations  were  caused  by  30  minute 
exposures  to  heat  up  ,to  50°C.  Lymphocytes  disappeared  from  the  culture 
at  temperatures  above  46°C  and  the  mitotic  index  dropped  rapidly  between 
43“C  and  46”C. 
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(b)  No  aberrations  were  caused  by  43°C  heat 
for  exposure  periods  up  to  60  minutes. 

(5)  Combined  Ultrasound  and  Ionizing  Radiation 

2 

(a)  Ultrasound  (3  W/cm  ) given  immediately 
before  or  after  ionizing  radiation  resulted  in  no  significant  increase 
in  aberration  frequencies  for  both  100  and  300  rad  exposures. 

(b)  Ultrasound  (3  W/cm  ) given  simultaneously 
with  ionizing  radiation  resulted  in  a significant  increase  in  exchange 
aberrations  for  100  and  300  rad  exposures.  Increasing  the  duration  of 
ultrasound  exposure  after  ionizing  radiation  slightly  increased  the 
exchange  frequency  and  decreased  the  deletion  frequency  and  number  of 
aberrant  cells.  None  of  the  changes,  however,  were  statistically 
significant. 

(c)  Increasing  the  utrasound  intensity  (0.01- 

2 

3.0  W/cm  ) during  simultaneous  ultrasound  and  ionizing  radiation 
exposure  slightly  increased  exchange  aberrations  and  slightly  decreased 
the  deletions  and  number  of  aberrant  cells.  None  of  the  changes  were 
statistically  significant,  however. 

2 

(d)  Exposure  to  30  minutes  ultrasound  (3  W/cm  ) 
plus  ionizing  radiation  (300  rads)  produced  a significant  difference 

in  exchange  aberrations  when  the  effects  of  two  different  equilibrium 
tank  temperature,  37°  and  43°C,  were  compared. 

(6)  Combined  Heat  and  Ionizing  Radiation 

(a)  Increased  Heat  (43°C)  immediately  before 
or  after  ionizing  radiation  resulted  in  no  significant  increase  in 
aberration  frequencies  for  both  100  and  300  rad  exposures. 


[ 
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(b)  Increased  heat  (43°C)  simultaneous  with 
the  ionizing  radiation  resulted  in  a significant  increase  in  exchange 
aberrations  for  the  300  rad  exposures  but  not  for  the  100  rad  exposure. 
Increasing  the  duration  of  elevated  heat  exposure  after  ionizing 
radiation  had  little  effect  for  300  rad  exposures. 

(c)  The  frequency  of  deletions,  of  exchanges 
and  of  aberrant  cells  increased  linearly  with  increases  in  temperature 
during  ionizing  radiation,  when  30  minutes  heat  exposures  were  made 

at  24-43°C  with  ionizing  radiation  (300  rads)  given  at  mid-point  of 
heat  exposure. 

(7)  Comparison  of  Heat  plus  Ionizing  Radiation  and 
Ultrasound  plus  Ionizing  Radiation 

(a)  There  was  no  significant  difference  in 

aberration  frequencies  between  identical  sequences  of  heat  (43°C)  plus 

2 

ionizing  radiation  at  300  rads  and  ultrasound  (3  W/cm  ) plus  ionizing 
radiation  at  300  rads. 

(b)  There  was  a significant  difference  in 

exchange  aberrations  when  the  heat  (43°C)  plus  ionizing  radiation 

2 

(100  rads)  sequence  No.  4 and  the  ultrasound  (3  W/cm  ) plus  ionizing 
radiation  (100  rads)  sequence  No.  4 results  are  compared. 

(c)  Comparison  of  the  combined  heat  (24-43°C) 

and  ionizing  radiation  Series  No.  3 and  the  combined  ultrasound 
2 2 

(0.01  w/cm  -3  W/cm  ) and  ionizing  radiation  Series  No.  3 showed  no 
significant  differences  in  aberration  frequencies  for  the  same 
equilibrium  temperatures.  . 

(8)  Comparison  of  All  Ionizing  Radiation  Alone 
Control  Values 

No  significant  difference  in  aberration  frequencies  was  seen 
between  the  consolidated  value  (sum  of  all  series)  and  each  individual 
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series. 
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b.  Analysis  of  Baseline  Experiments 

The  baseline  experiments  show  that  there  were  no  chromosome 
aberrations  in  the  routinely  processed  cells  of  the  blood  donor,  nor 
did  the  biological  sample  holder,  ultrasound  used  alone,  and  increased 
heat  used  alone  produce  an  effect.  These  results  are  consistent  with 
scientific  literature  already  discussed  in  the  Introduction  for  the 
exposure  levels  and  parameters  used.  The  experiments  using  ionizing 
radiation  alone  show  a chromosome  aberration  dose-response  relationship 
which  is  consistent  with  the  literature  (see  Introduction).  Holding 
the  exposed  blood  samples  at  37  + 0.1°C  for  up  to  6 hours  after 
ionizing  radiation  exposure  has  no  effect  on  the  aberration  frequencies 
which  is,  also,  consistent  with  the  literature  (Vekemans  and  Leonard 
(1977)). 

The  comparison  of  all  the  ionizing  radiation  alone  control 
values  (Table  23)  shows  that  there  were  no  statistically  significant 
differences  among  the  control  series  performed  during  the 
research.  This  indicates  that  the  radiation  exposure  system  could 
deliver  a reproduceable  dose,  scoring  of  chromosome  aberrations  was 
consistent,  the  small  decrease  in  radiation  dose  rate  due  to  ^^Co 
source  decay  between  the  first  and  last  experiments  had  an  insignifi- 
cant effect  on  chromosome  aberration  yields,  and  the  comparison  of 
all  300  rad  exposure  sequences  was  possible  even  though  they  were 
performed  at  different  times. 

These  baseline  experiments  lay  the  foundation  for  the  dis- 
cussion of  the  combined  sequences  of  heat  or  ultrasound  plus  ionizing 
radiation  by  showing  that  the  heat,  ultrasound,  sample  holder  and 
donor  contribute  nothing  to  the  aberration  yield  and  the  radiation 
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alone  contributes  known  reproduceable  aberration  yields.  Any  statisti- 
cally significant  increase  or  decrease  in  aberration  frequencies  above 
that  produced  by  radiation  alone  can  then  be  attributed  to  some  combined 
or  synergistic  effect. 

c.  Combined  Ultrasound  and  Ionizing  Radiation 
(1)  Series  No.  1 

There  results  show  a significant  effect  of  ultrasound  on  the 
aberration  yields  of  human  lymphocytes  exposed  in  vitro  when  used 
simultaneously  with  ionizing  radiation.  The  temporal  sequence  in  which 
the  ultrasound  and  ionizing  radiation  exposures  are  made  appears  to 
make  a significant  difference  in  the  results  (see  Figure  35  for  pre- 
sentation of  sequences).  Exposure  of  the  blood  to  ultrasound 
immediately  before  ionizing  radiation  or  immediately  after  ionizing 
radiation  appears  to  have  no  effect  on  the  aberration  yield  but 
ultrasound  used  simultaneous  with  ionizing  radiation  has  a signifi- 
cant effect.  All  four  exposures  (sequences  3-6)  to  300  rads  in  which 
the  ultrasound  was  given  simultaneously  with  the  radiation  produced  a 
significant  increase  in  exchange  aberrations.  Sequences  3-6,  also, 
show  that  there  is  a slight,  but  not  statistically  significant, 

increase  in  exchanges  for  an  increase  in  duration  of  ultrasound  exposure  j 

after  radiation. 

The  mitotic  index  values  for  the  ultrasound  and  ionizing  radia- 
tion sequences  do  not  appear  to  be  a good  indicator  of  the  combined 
effects.  The  only  apparent  trend  in  mitotic  index  changes  is  a 
decrease  in  the  index  with  increasing  time  of  ultrasound  exposure  for 
sequences  3-6.  This  same  trend  is  apparent  in  the  r.eries  of  experiments 
with  ultrasound  alone  so  it  appears  that  the  combined  ultrasound  and 
radiation  sequences  do  not  significantly  affect  the  mitotic  index. 
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(2)  Series  No.  2 

The  total  radiation  dose  (100  rads  or  300  rads)  appears  to  have 
little  effect  on  the  results  noted  above.  Exposure  sequences  2,  4,  and 
7 for  ultrasound  plus  ionizing  radiation  at  100  rads  show  identical 
results  to  the  300  rad  exposures  except  that  the  aberration  frequencies 
are  proportionally  lower  due  to  the  lower  total  dose.  The  same 
sequence  effects  are  seen  and  the  type  of  aberrations  affected  are  the 
same. 

(3)  Series  No.  3 

The  intensity  of  the  ultrasound  useo  curing  the  simultaneous 
application  of  ultrasound  and  ionizing  radiation  (300  rads  given  at 
mid-point  of  30  minutes  ultrasound  exposure)  appears  to  have  little 
effect  on  the  aberration  frequencies.  Figure  39  and  the  statistical 
analysis  of  Table  14  appear  to  show  that  there  is  no  statistically 
significant  increase  in  the  aberration  frequencies  (slope  not 
statistically  greater  than  zero)  with  increasing  ultrasound  intensity. 
It  should  be  noted,  however,  that  the  regression  lines  do  have  positive 
slopes  for  most  aberration  frequencies  and  that  this  analysis  has  only 
three  data  points  which  make  it  extremely  difficult  to  determine 
trends.  Additional  data  could  not  be  gathered  at  higher  intensities 
due  to  the  power  limitations  of  the  ultrasound  generation  system. 

(4)  Comparison  of  Identical  Ultrasound  and  Ionizing 
Radiation  Exposures  with  Different  Tank 
Equilibrium  Temperatures 

2 

The  comparison  between  the  two  30  minute,  3 W/cm  ultrasound 
plus  ionizing  radiation  (300  rads)  exposures  which  differed  only 
in  that  one  had  a tank  equilibrium  temperature  of  37°C  (tank  initially 
at  room  temperature)  and  the  other  with  a 43°C  equilibrium  tank 
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temperature  (tank  initially  at  37°C)  revealed  that  there  is  a 
statistically  significant  increase  in  exchanges  at  the  higher  tank 
temperature.  The  significant  increase  at  the  higher  temperature 
suggests  that  the  mechanical  (physical)  properties  of  the  ultrasound 
may  not  be  responsible  for  the  effects  seen  in  the  previous  exposure 
sequences.  If  the  combined  effect  was  due  to  some  ultrasound  mechanical 
mechanism  then  we  would  expect  to  see  little  difference  between  these 
exposures  because  the  ultrasound  intensities  were  identical.  Since 
the  only  difference  between  the  exposures  was  the  temperature  during 
exposure  it  is  suggested  that  heat  or  temperature  during  the  exposure 
may  be  the  mechanism  responsible  for  the  increase  in  aberration 
frequency.  This  suggestion  was  tested  experimentally  in  the  heat  plus 
ionizing  radiation  exposure  sequences  which  will  be  discussed  later. 

(5)  Comparison  of  These  Results  with  that  Found  in 
the  Literature 

The  ultrasound  plus  ionizing  radiation  experiments  appear  to 
show  that  a synergistic  effect  occurs  only  when  ultrasound  is  used 
simultaneously  with  ionizing  radiation  and  that  the  primary  effect  is 
an  inci  ease  in  exchange  aberrations.  There  was  little  or  no  effect  on 
the  aberration  frequencies  when  ultrasound  was  used  before  or  after 
ionizing  radiation,  when  the  duration  of  ultrasound  exposure  was 
increased  after  ionizing  radiation,  and  when  the  total  ionizing 
radiation  dose  was  changed.  The  lack  of  an  increase  in  the  number  of 
cells  which  contain  aberrations,  the  increase  in  exchange  aberrations 
only,  and  the  absence  of  a statistically  significant  increase  in  all 
aberration  frequencies  with  increasing  ultrasound  intensity  suggests 
that  ultrasound  produced  an  enhancement  in  the  chromosome  repair  and 
exchange  formation  process.  This  interpretation  is  based  on  the  fact 
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that  an  increase  in  final  number  of  detectable  chromosome  aberrations 
can  result  from  several  causes:  (1)  an  increase  in  the  initial  or  pri- 
mary number  of  chromosome  breaks  or  lesions,  (2)  an  inhibition  of  the 
repair  of  the  chromosome  breaks,  (3)  an  enhancement  in  the  repair  of 
the  chromosome  breaks.  Each  cause  influences  differently  the  frequency 
of  the  deletions,  exchanges  and  aberrant  cells.  More  primary  breaks 
would  result  in  more  of  all  types  of  aberrations,  an  inhibition  of 
repair  would  be  reflected  by  more  deletion  aberrations  and  an 
enhancement  in  repair  would  be  reflected  by  more  exchange  aberrations. 

The  increase  in  exchange  aberrations  at  elevated  sonation  tank 
temperature  for  the  same  ultrasonic  intensity  suggests  that  the  enhance- 
ment noted  above  is  due  to  an  increase  in  temperature  and  not  due  to 
ultrasound  mechanical  effects.  Because  only  exchanges,  which  indicate 
the  misrepaired  fraction  of  aberrations,  were  increased  significantly, 
it  is  suggested  that  there  is  an  enhancement  in  repair  of  chromosome 
damage  due  to  elevated  temperature. 

The  above  results  appear  to  be  consistent  with  the  previous 
work  performed  by  Harkanyi  et  al.  (1978),  Burr  et  al.  (1977),  Kunze- 
Muhl  (1975),  and  Conger  (1948)  in  that  there  is  an  increase  in  chromo- 
some aberrations  when  ultrasound  is  used  simultaneously  with  ionizing 
radiation  and  there  is  no  effect  when  ultrasound  is  applied 
immediately  before  radiation. 

There  is  an  apparent  inconsistency,  however,  with  the  findings 
of  Burr  et  al.  (1977)  which  showed  a significant  increase  in 
aberrations  for  ultrasound' given  immediately  after  ionizing  radiation. 

A possible  explanation  for  this  is  that  the  temperature  in  the  two 
systems  was  very  much  different.  Burr  et  al..  (1977)  irradiated  blood 
at  23°C  and  raised  the  temperature  to  approximately  37-40°C  (not 
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measured)  during  sonation,  whereas  in  the  present  study  blood  was 
irradiated  at  37°C  and  the  temperature  increased  to  43°C  during  sonation 
The  large  differential  in  temperature  for  the  Burr  et  al.  (1977)  study 
may  have  caused  a larger  aberration  difference  which  would  be  easier 
to  detect  as  a significant  increase.  This  temperature  effect  has  only 
been  suggested  by  one  of  the  experiments  performed  (comparison  of 
identical  ultrasound  and  ionizing  radiation  exposures  with  different 
tank  equilibrium  temperatures).  A more  detailed  discussion  of  this 
temperature  effect  is  contained  in  the  next  section. 

d.  Combined  Heat  and  Ionizing  Radiation 
(1)  Series  No.  1 

The  results  of  the  heat  plus  ionizing  radiation  series  show 
that  temperature  has  a significant  effect  on  the  aberration  yields  of 
human  lymphocytes  exposed  in  vitro  to  ionizing  radiation.  The  sequence 
of  application  of  the  heating  and  ionizing  radiation  appears  to  make 
a significant  difference  in  the  results.  Exposure  of  the  blood  to 
heat  immediately  before  or  after  ionizing  radiation  appears  to  have 
no  effect  on  the  aberration  yield  but  heat  used  simultaneous  with 
ionizing  radiation  has  a significant  effect.  All  three  heat  exposures 
(sequences  3-5),  which  were  made  simultaneously  with  the  ionizing 
radiation,  produced  significant  increases  in  exchange  aberrations. 
Sequences  3-5,  also,  show  that  there  is  a slight,  but  not  statistically 
significant,  increase  in  all  aberration  types  for  an  increase  in 
duration  of  heat  exposure  after  radiation. 

The  mitotic  index  values  for  the  heat  and  ionizing  radiation 
sequences  appear  to  indicate  the  magnitude  of  the  combined  effect. 

The  heat  used  alone  or  the  ionizing  radiation  alone  does  not  depress 
the  mitotic  index  in  the  same  manner  as  the  combined  sequences.  The 
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effect  appears  to  correspond  to  that  of  the  simultaneous  heat  and 
ionizing  radiation  sequences  (3-5)  with  a rapid  drop  in  mitotic  index 
as  the  duration  of  exposure  to  heat  is  increased  after  the  irradiation. 

(2)  Series  No.  2 

The  total  radiation  dose  (100  rads  or  300  rads)  appears  to  have  a 
slight  effect  on  the  aberration  frequencies.  Exposure  sequences  2 and 
7 show  similar  results  for  the  100  and  300  rad  exposures  but  sequence 
4 at  100  rads  shows  no  significant  increase  in  exchange  aberration 
frequency  whereas  sequence  4 at  300  rads  did. 

(3)  Series  No.  3 

The  combined  heat  and  ionizing  radiation  Series  No.  3 (Figure 
40)  showed  a significant  increase  in  all  aberration  frequencies  with 
increasing  temperature  (exchanges  were  marginally  significant).  An 
increase  in  all  aberration  types  with  increase  in  temperature  suggests 
that  more  primary  chromosome  breaks  occur  at  elevated  temperatures. 

(4)  Comparison  of  These  Results  with  that  Found  in  the 
Literature 

The  combined  heat  and  ionizing  radiation  Series  No.  1 appears 
to  show  that  a synergistic  effect  occurs  only  when  heat  is  elevated 
simultaneously  with  ionizing  radiation  and  that  the  effect  is  an 
increase  in  exchange  aberrations.  Heat  used  before  or  after  ionizing 
radiation,  and  increasing  the  duration  of  heat  exposure  after 
ionizing  radiation,  appear  to  have  little  or  no  effect  on  the 
aberration  frequencies.  The  magnitude  of  the  ionizing  radiation  dose 
appears  to  have  an  effect  on  the  aberration  frequencies  when  heat  is 
used  simultaneously  with  ionizing  radiation.  No  synergistic  effect 
was  seen  at  the  lower  total  dose  of  100  rads.  The  lack  of  an  increase 
in  the  number  of  cells  with  aberrations  and  the  increase  in  exchange 
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aberrations  only,  suggests  that  heat  produced  an  enhancement  in  chromo- 
some repair  and  exchange  formation.  However,  the  increase  in  all 
aberration  frequencies  with  increasing  temperature  (24-43°C)  for  com- 
bined heat  and  ionizing  radiation  Series  No.  3 suggests  that  the 
number  of  primary  chromosome  breaks  is  increased  by  increasing 
temperature.  The  results  described  above  present  two  apparent  incon- 
sistencies: (1)  the  lack  of  a significant  effect  of  temperature  after 
radiation  is  not  consistent  with  some  of  the  literature  and  (2)  the 
results  of  Series  No.  1 suggest  an  improvement  in  repair  due  to  heat  but 
the  results  of  Series  No.  3 suggest  an  increase  in  the  number  of  primary 
chromosome  breaks  due  to  heat.  These  apparent  inconsistencies  can 
possibly  be  explained  by  a closer  review  of  the  literature  and  the  data. 

The  results  of  the  combined  heat  and  ionizing  radiation 
Series  No.  3 appear  to  be  consistent  with  the  previous  work  of 
Bajerska  and  Liniecki  (1969)  and  Liniecki  et  al.  (1973)  who  found 
that  the  frequencies  of  lymphocyte  chromosomal  dicentrics  and  fragments 
increased  significantly  with  increasing  temperature  during  irradiation 
at  300  rads  (13.7  rads/min  x-rays)  in  the  temperature  range  of  10  to 
37°C.  Dicentrics  showed  an  increase  with  temperature  which  was  much 
larger  than  that  of  fragments.  These  results  are,  also,  consistent 
with  the  findings  of  Bora  and  Soper  (1971)  who  found  that  human 
lymphocytes  exposed  to  x-rays  at  300  rads  (120  rads/min)  in  vitro  at 
5°C  had  fewer  deletions  and  exchanges  than  exposure  at  37°C.  It  must 
be  noted,  however,  that  in  both  of  these  studies  the  temperature  was 
elevated  to  a maximum  of  only  37°C.  No  other  studies  were  found 
which  investigated  these  types  of  aberrations  at  temperatures  above 
37°C  so  it  is  not  possible  to  compare  the  43'’C  exposure  data.  The 
mechanism  for  the  induction  of  the  primary  chromosome  breaks  is  not 
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known,  so  a specific  reason  can  not  be  given  for  the  observed  effect. 
Since  the  result  at  43°C  are  unique  and  the  results  below  37°C  are 
consistent  with  others,  it  would  be  reasonable  to  suggest  that  elevated 
temperature  during  radiation  results  in  more  primary  chromosome  breaks, 
resulting  in  an  increase  in  all  types  of  aberrations. 

The  results  of  the  combined  heat  and  ionizing  radiation  Series 
No.  1 do  not  appear  to  be  consistent  with  the  literature  because  they 
show  that  the  temperature  after  radiation  has  very  little  effect.  Heat 
(43°C)  commencing  immediately  after  radiation  at  37°C  and  taking 
5 minutes  to  reach  the  higher  temperature  produces  no  increase  in  any 
aberration  frequencies.  Extending  the  heat  exposure  duration  from 
zero  to  28.5  minutes  after  irradiation  results  in  a slight  but  not 
statistically  significant  increase  in  all  aberration  frequencies. 
Numerous  authors  show  a much  more  significant  effect  of  temperature 
after  irradiation. 

For  example.  Bora  and  Soper  (1971)  showed  that  exposing  human 
lymphocytes  at  37°C,  and  immediately  reducing  the  temperature  after 
irradiation  to  5°C  for  65  minutes,  results  in  a decrease  in  exchanges 
and  no  change  in  deletions.  Reversing  the  order  of  the  exposures 
(x-ray  at  5°C,  then  raise  to  37°C)  gave  an  increase  in  exchanges  and 
no  change  in  deletions. 

Schmid  et  al.  (1976)  used  split  dose  experiments  to  demonstrate 
that  the  mean  time  in  which  primary  breaks  induced  by  both  dose-frac- 
tions can  interact  to  form  dicentric  chromosomes  in  human  lymphocytes 
is  110  minutes.  Primary  chromosome  breaks  induced  by  radiation  were 
found  to  exist  for  an  exponentially  decaying  period  after  radiation. 
Timerlake  et  al.  (1976),  using  alkaline  sucrose  gradients,  found  that 
single  strand  DNA  breaks  induced  by  ionizing  radiation  in  human 
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lymphocytes  are  not  completely  repaired  for  periods  of  up  to  2 hours 
or  more  after  radiation. 

Further  evidence  of  the  effect  of  temperature  on  the  repair 
of  chromosome  radiation  damage  can  be  seen  in  the  data  of  Spiegler 
and  Norman  (1969)  and  (1970).  They  measured  the  rate  of  unscheduled 
DNA  synthesis  (repair)  in  human  lymphocytes  after  irradiation  and 
found  that  there  were  two  distinct  rates  of  synthesis  following 
radiation;  a fast  rate  occurring  during  the  first  30  minutes  following 
radiation  and  a slow  rate  occurring  for  up  to  7 hours  after 
radiation.  In  addition,  they  found  that  the  fast  rate  was  signifi- 
cantly affected  by  temperature  with  the  rate  increasing  by  a factor 
of  5 from  22°C  up  to  42°C.  Above  42°C  the  rate  dropped  and  above  45°C 
total  degradation  of  the  system  occurred.  The  increase  in  the  rate  of 
repair  of  DNA  breaks  in  human  lymphocytes  with  increasing  temperature 
is  in  keeping  with  the  other  references  which  show  an  increase  in 
exchange  formation  when  the  temperature  is  elevated  after  radiation. 

The  importance  of  this  increasing  rate,  however,  lies  in  the  fact  that 
it  continues  above  37°C  up  to  42°C  before  it  starts  to  decrease. 
Previous  cellular  studies  (Li  et  a1.  (1976))  have  shown  that  the 
ability  to  repair  radiation  induced  damage  is  enhanced  as  temperatures 
increase  up  to  37°C  and  is  inhibited  at  temperatures  above  37°C.  The 
data  from  Spiegler  and  Norman  (1970)  and  the  results  of  the  present 
study  suggest  that  a different  mechanism  is  responsible  for  the  noted 
effects  in  human  lymphocytes. 

The  above  referenced  studies  suggest  that  chromosomal  and  DNA 
breaks  are  available  for  interaction  for  an  exponentially  decreasing 
period  after  ionizing  radiation  exposure.  If  increased  temperature 


during  this  period  enhances  the  interaction  by  improving  the  repair 
processes  then  an  increase  in  exchange  aberrations  would  be  expected. 
The  primary  effect  of  an  increase  in  temperature  after  irradiation 
would,  therefore,  be  an  increase  in  repair  and,  often,  an  increase  in 
exchange  aberration  frequency. 

The  two  apparent  inconsistencies  noted  above  in  the  results  of 
the  combined  heat  and  ionizing  radiation  exposures  can  now  be 
explained  on  the  basis  of  the  conclusions  of  the  above  references 
and  experimental  data.  Aberration  yields  from  radiation  exposure 
depend  on  the  temperature,  both  during  and  after  radiation,  with  the 
primary  effects  being  an  increase  or  decrease  in  the  number  of  primary 
chromosome  breaks  and  an  increase  or  decrease  in  repair,  respectively. 
Since  all  of  the  exposures  in  the  present  experiments,  where  elevated 
temperatures  were  maintained  both  during  and  after  radiation  exposure, 
we  would  expect  to  see  an  increase  in  all  aberrations  as  a result  of 
the  temperature  during  radiation  and  a larger  increase  in  exchanges 
due  to  the  temperature  after  radiation. 

The  results  of  these  experiments  appear  to  be  consistent  with 
the  above  statement  if  one  considers  the  magnitude  of  the  temperature 
increases,  the  sensitivity  of  the  statistical  analysis  and  the 
potential  variability  of  the  data  are  considered.  The  statistically 
significant  increase  in  all  aberrations  after  the  combined  heat  and 
ionizing  radiation  Series  No.  3 followed  a temperature  change  of  19°C 
(24-43°)  and  the  statistically  significant  increase  in  exchanges  only, 
after  the  combined  heat  and  ionizing  radiation  Series  No.  1,  followed 
a temperature  increase  of  6°C  (37-43°C).  The  larger  temperature 
differential  would  be  more  likely  to  produce  a significant  increase 
in  all  aberrations.  The  raw  data  for  the  combined  heat  and  ionizing 
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radiation  Series  No.  1 (Table  16)  does  show  a small  increase  in  aberrant 
cells  and  deletions  (not  statistically  significant)  and  a larger  increase 
in  exchanges  (statistically  significant).  A larger  temperature 
differential  in  this  experiment  might  have  made  it  easier  to  see  a 
significant  increase  in  aberrant  cells  and  deletions,  resulting  in 
data  that  would  be  consistent  with  all  other  experiments.  Likewise, 
a larger  increase  in  temperature  in  the  combined  heat  and  ionizing 
radiation  Series  No.  1 might  have  produced  larger  changes  in  exchange 
aberrations,  making  the  detection  of  a significant  change  with 
increasing  duration  of  heat  exposure  easier.  Additional  experiments 
using  larger  temperature  differentials  were  not  performed  because  it 
was  felt  that  they  would  be  out  of  the  scope  of  these  experiments, 
which  was  to  investigate  the  potential  synergistic  effect  of  ultrasound 
and  ionizing  radiation  for  exposure  parameters  approximating  actual 
in  vivo  conditions  (37°C). 

e.  Comparison  of  the  Combined  Heat  and  Ionizing  Radiation  and 
Ultrasound  and  Ionizing  Radiation  Series 

A comparison  of  the  results  of  the  combined  heat  and  ionizing 
radiation  experiments  and  the  combined  ultrasound  and  ionizing 
radiation  experiments  reveals  a number  of  similarities  in  the  data. 
Statistical  comparison  of  the  Series  No.  1 (300  rads)  results  for 
both  experiments  (Table  19)  shows  that  thermal  heating  to  the  same 
temperature  as  that  induced  by  ultrasound  causes  the  same  effect. 

The  overall  magnitude  of  the  effect  appears  to  be  the  same  and  the 
effect  of  exposure  sequence  appears  to  be  the  same.  The  effect  is 
consistent  for  all  simultaneous  exposures  (sequence  3-6).  Comparison 
of  Series  No.  2 (100  rads)  results  for  both  experiments  (Table  20) 
shows  that  heat  and  ultrasound  act  differently  for  sequence  4.  The 
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ultrasound  apparently  causes  a greater  effect  than  heat  for  the 
simultaneous  exposure.  This  result,  although  highly  significant  based 
on  the  statistical  analysis,  should  be  viewed  with  caution  due  to  the 
small  number  of  aberrations  at  100  rads  and  the  decreased  sensitivity 
of  the  statistical  analysis  at  low  frequency.  Comparison  of  Series  No. 
3 results  for  both  experiments  (Table  21)  shows  that  ultrasound  and 
heat  act  the  same  for  different  temperatures.  The  magnitude  of  the 
effect  and  the  type  of  aberrations  produced  appear  to  be  the  same. 

It  should  be  noted  that  this  comparison  only  includes  the  exposures 
resulting  in  temperatures  of  24,  30  and  37°C,  with  the  43°C  exposure 
omitted.  The  omission  is  due  to  the  lack  of  sufficient  ultrasound 
intensity  in  our  generating  system  to  achieve  43'’C  induced  heat. 

There  appears  to  be  several  slight,  but  not  statistically 
significant,  differences  between  the  combined  heat  and  ionizing 
radiation  and  combined  ultrasound  and  ionizing  radiation  exposures 
that  should  be  noted.  The  magnitude  of  the  aberration  increases  for 
the  combined  heat  and  ionizing  radiation  Series  No.  3 were  larger 
than  the  increases  for  the  combined  ultrasound  and  ionizing  radiation 
Series  No.  3 even  though  the  gross  temperatures  were  the  same.  The 
mitotic  index  showed  a larger  decrease  with  increasing  duration  of 
heat  exposure  after  radiation  for  the  combined  heat  and  ionizing 
radiation  Series  No.  1 than  the  combined  ultrasound  and  ionizing 
radiation  Series  No.  1.  Increasing  the  heat  exposure  duration  after 
radiation  produced  a larger  effect  on  aberration  frequencies  than 
increasing  the  ultrasound  exposure  duration  after  radiation.  The  types 
of  aberrations  were  slightly  different,  also,  with  all  aberrations 
increased  by  the  heat  exposure  and  only  exchanges  increased  by  the 
ultrasound.  These  differences  between  heat  and  ultrasound  exposures 


154 


are  slight  and  may  be  due  to  statistical  error  or  temperature  variation 
in  the  tank  (+  0.5°C)  but  they  can  not  be  ruled  out  as  minor  effects 
due  to  the  small  sample  sizes  and  marginal  statistics. 

It  appears  that  the  majority  of  the  experiments  performed 
support  the  conclusion  that  the  simultaneous  use  of  ultrasound  and 
ionizing  radiation  results  in  a synergistic  effect  and  that  the  effect 
is  primarily  due  to  the  heating  induced  in  the  medium  by  the  ultra- 
sound. The  primary  effect  noted  is  a srall  increase  (not  statistically 
significant)  in  deletions  and  aberrant  cells  and  a larger  increase 
(statistically  significant)  in  exchange  aberrations.  The  results  of 
these  experiments  and  the  literature  appear  to  support  the  conclusion 
that  elevated  temperature  at  the  time  of  radiation  causes  an  increase 
in  the  number  of  primary  chromosome  breaks,  resulting  in  more  of  all 
aberration  types,  while  elevated  temperature  after  radiation  causes  an 
enhancement  of  the  repair  and  exchange  formation  process,  resulting 
in  more  exchange  aberrations. 

2.  Limitations  of  the  Biological  System 

The  analysis  of  the  chromosomes  of  human  lymphocytes  exposed 
in  vitro  is  a useful  tool  in  determining  radiation  effects  on  mammalian 
cell  systems  because  of  their  synchronous  cell  population,  well 
defined  dose  response  characteristics,  well  established  procedure,  and 
correlation  with  cell  death.  However,  there  are  significant  limitations 
to  this  biological  system  that  must  be  mentioned  which  affect  the 
interpretation  of  the  resu-lts  of  these  studies.  As  mentioned  pre- 
viously in  the  Introduction  there  are  numerous  environmental  factors 
which  can  affect  the  aberration  yields  significantly,  i.e.,  stimulator 
capability  of  the  insult  used,  temperature  of  exposure,  incubation  time. 
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oxygen  tension,  preparation  of  the  samples,  scoring  technique,  state 
of  health  of  the  blood  donor,  etc.  Most  of  these  items  can  be  con- 
trolled during  the  experiments  but  some  can  not.  As  a result  there  can 
be  significant  variations  in  the  gathered  data  over  and  above  that  of 
merely  sample  size  statistics  especially  at  low  doses.  This  variability 
in  the  results  makes  it  difficult  to  determine  small  differences  pro- 
duced by  the  different  exposures.  This  fact  is  suggested  as  the  cause 
of  the  inconsistency  of  several  of  the  experiments  performed.  A 
greater  ability  to  detect  small  changes  in  biological  effect  would 
have  been  helpful  in  many  of  these  experiments. 

An  additional  limitation  of  this  biological  procedure  is  its 
cost  in  money  and  time.  Each  experiment  with  heat,  ultrasound  and/or 
ionizing  radiation  requires  multiple  exposures  and  multiple  cultures 
which  rapidly  increase  the  total  work  load  involved.  This  limitation 
results  in  a low  volume  of  studies  that  can  be  performed  in  a given 
time  period,  which  in  turn  reduces  the  total  nutifcer  of  variables  that 
can  be  studied.  Since  the  evaluation  of  heat,  ultrasound  and 
ionizing  radiation  involves  large  numbers  of  varied  exposure  con- 
ditions, it  was  necessary  to  restrict  any  study  to  only  a limited  number 
of  selected  exposure  variables. 

3.  Potential  Impact  of  This  Study 

The  results  of  this  study  appear  to  show  that  ultrasound  when 
used  simultaneously  with  ionizing  radiation  can  be  a potential  radio- 
sensitizing  agent.  This  effect  has  only  been  shown  for  specific 
exposure  criteria  and  for  effect  on  the  human  chromosome  but  assuming 
that  other  exposure  parameters  and  cell  systems  would  act  in  a similar 
manner,  what  would  be  the  potential  impact  on  the  population  in  general 
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and  cancer  therapy  patients  and  the  fetal  population  in  particular? 

The  radiosensitizing  ability  of  ultrasound  appears  to  stem 
from  its  ability  to  generate  heat  in  the  target  tissue  with  the  heat 
causing  the  increase  in  radiosensitivity.  If  this  is  true,  then  low 
intensity  ultrasound  exposures  where  the  temperature  of  the  tissue 
is  not  raised  by  more  than  several  degrees  will  not  significantly 
increase  the  risk  of  radiation  damage.  In  addition,  those  ultrasound 
exposures  which  occur  before  or  after  radiation  exposures  will  not 
significantly  increase  the  risk  because  the  temperature  will  not  be 
raised  during  the  radiation  exposure.  This  means  that  most  diagnostic 
ultrasound  procedures  including  those  to  the  fetal  population  should 
not  produce  a significant  radiosensitizing  effect  due  to  the  low 
average  ultrasound  intensity  with  consequent  lack  of  heating,  as  well 
as  the  non-simultaneous  administration  of  other  diagnostic  procedures 
such  as  diagnostic  x-ray  and  nuclear  medicine  tests. 

Radiation  therapy,  on  the  other  hand,  may  benefit  by  the 
potential  application  of  the  combined  effect  of  ultrasound  and 
ionizing  radiation.  Since  the  purpose  of  radiation  therapy  is  to 
deliver  a tumorcidal  dose  of  radiation  while  sparing  the  surrounding 
non-cancerous  tissue,  the  use  of  focused  ultrasound  to  provide 
increased  radiosensitivity  in  the  tumor  may  be  possible.  Ultrasound 
of  sufficiently  high  intensity  which  is  focused  at  the  proper  depth 
is  tissue  (see  Figure  1)  could  deliver  very  rapid  heating  and  con- 
sequently increase  the  radiosensitivity  of  the  tissue.  The  magnitude 
of  this  effect  is  unknown  for  ultrasound  but  if  we  assume  that  the 
radiosensitivity  produced  by  the  ultrasound  heating  is  the  same  as 
for  pure  conductive  heating,  then  radiosensitivity  can  be  increased 
significantly  in  some  tumor  systems  (Bronk  (1976)).  The  ultrasound 
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may  also  provide  the  additional  benefits  of  increased  vascularity 
(improved  oxygenation  of  tumor)  and  increased  membrane  permeability 
(improved  uptake  of  drugs)  which  could  further  enhance  the  radio- 
sensitivity of  the  tumor.  A note  of  caution  should  be  considered, 
however,  before  using  high  intensity  ultrasound  for  therapy  purposes, 
because  high  intensity  means  high  shear  stresses  and  fluid  streaming 
in  the  tissue,  creating  a need  to  study  the  potential  for  causing 
possible  metastatis  of  the  tumor. 

D.  Conclusions 

Small  lymphocytes  in  human  peripheral  blood  were  exposed  in 
vitro  to  various  sequences  of  ultrasound,  heat  and/or  ionizing  radia- 
tion using  a specially  designed  and  tested  ultrasound  and  ionizing 
radiation  exposure  system.  The  results  of  these  experiments  justify 
several  significant  conclusions; 

1.  Ultrasound  used  alone  causes  no  chromosome  aberrations 

2 2 
up  to  4 W/cm  for  30  minutes  exposures  and  up  to  3 W/cm  for  60 

minutes.  Heat  used  alone  causes  no  chromosome  aberrations  up  to 

for  30  minutes  exposures  with  rapid  fall  in  mitotic  index  occurring 

in  the  range  of  43-46°.  In  addition,  no  aberrations  are  caused  by 

heat  exposures  of  43°C  for  up  to  60  minutes. 

2 

2.  There  is  a synergistic  effect  between  ultrasound  (3  W/cm  ) 
and  ionizing  radiation  (300  and  100  rads)  given  simultaneously.  The 
effect  is  primarily  an  increase  in  exchange  aberrations.  Ultrasound 
given  before  or  after  irradiation  does  not  produce  cytogenetic  damage. 
Extending  the  exposure  duration  of  ultrasound  after  simultaneous 
ultrasound  and  radiation  does  not  increase  chromosome  aberration 
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frequencies  significantly  above  that  of  ultrasound  given  only  during 
the  irradiation.  Increasing  the  ultrasound  intensity  during  simultaneous 
ultrasound  and  ionizing  radiation  slightly  increases  the  exchange 
frequency  but  not  significantly. 

3.  There  is  a synergistic  effect  between  (43°C)  heat  and 
ionizing  radiation  (300  rads)  for  the  simultaneous  exposures.  The  major 
effect  appears  to  be  an  increase  in  exchange  aberrations.  Increasing 
the  temperature  immediately  before  or  after  irradiation  has  little 
effect  on  the  chromosome  aberration  frequencies.  Extending  the  dura- 
tion of  the  elevated  temperature  after  irradiation  has  little  effect 
over  that  of  the  elevated  temperature  alone  during  the  radiation 
exposure.  The  temperature  during  ionizing  radiation  exposure  has  a 
significant  effect  on  the  chromosome  aberration  yield.  Increasing  the 
temperature  during  irradiation  in  the  range  of  24°C  to  43°C  causes  an 
increase  in  all  types  of  aberrations,  suggesting  that  temperature 
during  irradiation  increases  the  number  of  primary  chromosome  breaks. 

4.  Comparison  of  the  effects  of  the  combined  heat  and  ionizing 
radiation  exposures  and  the  combined  ultrasound  and  ionizing  radiation 
exposures  shows  no  significant  difference.  It  appears  that  the  syner- 
gistic effect  between  ultrasound  and  ionizing  radiation  is  caused  by 
the  heat  induced  in  the  biological  medium  by  the  ultrasound  energy. 

5.  It  is  concluded  from  these  experiments  and  the  literature 
that  heat  or  ultrasound  given  simultaneously  with  ionizing  radiation 
cause  an  increase  in  primary  chromosomal  breaks  and  that  heat  or 
ultrasound  given  after  irradiation  cause  an  increase  in  exchange 
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DO  30  J=2. LINTER 

PROD  = PROD  « PRESUR(J) 

30  CONTINUE 

C 

40  CONTINUE 

C 

c 

C CALCULATE  THE  TRANSMISSION  COEFFICIENT  FOR  IMPEDANCE  MISMATCH 
C 

TRNSPR  = PROD  ^ (2.0  * ACTIMP!  N INTER) )/(  ACTIMP(  N INTER)  + 

* IMPED!  INTER) ) 

IHTENS(l)  = CABS!  TRNSPR)  *^=2  REAL!  IMPED!  INTER) )/ 

* REAL! IMPED! I) ) 

10  CONTINUE 

C 

WRITE! 5, 970) 

970  FORILAT!  ’ V.ANT  DATA  PRINTED  ! Y.  N)  ’ ) 

READ! 5,975)  NDATA 
975  FORiLAT!Al) 

IF!  NDATA. EQ. ’N’)  CO  TO  2000 
C 

C PRINT  OUT  THE  DATA  TO  CHECK 


A 
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C 

WRITE(6, 1030)  WINTER 

1030  FORJUTl  IX. ’NUTIRER  OF  INTERFACES  = ',14) 

WRITE!  6.  1040)  (CIIRI^IP!  I)  . 1=  1 . I«T1:R) 

1040  F01L'>\T(  IK. 'CaARACTEHISTlO  IIIPr.DAr^CE  = ' . 1OE10. 2) 

WR1TE(6. 1050)  (SPEED!  I) . 1= 1,  INTFm) 

1050  FORMAT! IX, 'SPEED  OF  SOUND  =’.I0E10.2) 

WRITE!  6 , 1060)  ! LENGTH!  I ) . 1 = 2,  N (NTILT) 

1060  FOIU’AT!  IX. 'LENGTH  0,-'  INTERFACE  =’.  10F7. 3) 

WHITE! 6 , 1070)  ' DDLOSS!  I ) , 1=  1 . 1 NTER) 

1070  FORMAT!  IX. 'DEC I DEL  LOSS  = ’.10F7.3) 

WRITE!  6 . 1030)  < LOSFAC!  I ) . 1=  1 . INTER) 

1080  FORI  AT!  IX. 'LOSS  FACTOR  = ',1014) 

WRITE!6,  10'>0)  FREO 
1090  FOIL'IAT!  IX,  'FREQUENCY  = ' ,E10.2) 

C 

WRITE!6,940) 

940  FORMAT! ' 1 ’, 'LENGTH' , 1 IX, 'TRANSMISSION  COEFFICIENT’,//) 
C 

DO  70  1=1,101 

WF,ITE!6.945)  LEN!  I)  , INTFJ'IS!  I) 

945  FORMAT! 1X.F6.3. 14X.F8.4) 

70  CONTINUE 
C 

2000  CONTINUE 

C 

C 

C PLOT  THE  DATA  ON  VERSATEC 
C 

READ! 7, 965)  SCAJ.E 
965  FOP,.MAT!  Fr> . 2) 

CALL  MODE! 1 , 9999 . , SCALE, 9999 . ) 

BEAD! 7 . 960)  XOFFST, YOFFST 
GAEL  MODE! 2 , 9999 . , 9999 . , XOFFST) 

CALL  MODE! 3, 9999. ,9999. . AOFFST) 

D>:  = !LEIA101)  - LEK!l))/6.0 
TLEN  = LEN(l) 

CALL  MODE!  8 . TI.EN , DX.  9999  . ) 

CALL  riODE!9,0. 0,0.  123,9999.) 

CALL  DRAW!  LEN , I NTEi’IS  .101.441) 

READ! 7,980)  XSPEC, ! XAXIS! I) , 1=1, 12) 

980  FORJIAT!  F4 . 1 , 1 2A4  ) 

CALL  AXES! XSPEC.XAJIIS, 24. 3, 'TRANSMISSION  COEFFICIENT') 
CALL  M0DE!4,0. 15,0. 1 ,9999. ) 

C 

C PLOT  THE  TITLE  IF  WANTED 
C 

READ! 7,950)  ! TITLE! I ) , 1= 1 . 12) 

950  FORT'iAT!  12,\4) 

IF(TITLE!  1) .EQ. ’ ’)  GOTO  100 

READ!  7. 953)  NCUART 
953  FOR'IAT!  12) 

X = 3.3  - !NCn.ART  * O.  15)/2.0 
CALL  NOTE!  X. 8. 5. TITLE. NCUART) 

C 

100  CONTINUE 


j 

i 
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C 

C PLOT  nOTF^  IF  WANTED 
C 

READ(7.9r>0)  ( NOTES!  n . 1=  1 . 12) 

I K(  NOTES!  D.Ea.  ' •)  GO  TO  90 

READ!  7.935*  KCIIARJI 
nEAP!7.9(M>l  XNOTE.YKOTE 
960  FORrL\T!2F3.2) 

CALL  MOOE! 4,0. 10 . O . 073 . 9999 . ) 

CALL  riO'lT/.  XHOTE , YNOTE , NO  I'ES . NCHARN ) 

!;0  10  100 

c 

90  CONTINUE 
C 

C CLOSE  Tiffi  PLOTS 
C 

CALL  DRiWO.  .0.  , 1 .9000) 

CALL  DRAW!  0,0, 0,9999) 

C 

STOP 

END 

C 

C LIST  OF  THE  FUNCTIONS 
C 

COMPLEX  FUNCTION  AP.COTH!  X) 

COMPLEX  APCOTH.X 

ARCGTH  = CLOG!!X+l.O)/'!X-I.0))/2 
RETtTO! 

END 

C 

COMPLEX  FUNCTION  COTH!  X* 

COMPLEX  C0TU,X,CEX1’ 

COTH  = !CEXP!X)  + CEXP! -X>  )/!  CEXP!  X)  - CEXP! -X)  ) 
RETURN 
END 
C 

COMPLEX  FUNCTION  COSH!  Y) 

COMPLEX  COSH, Y. CEXP 

COSH  = !CEXP!Y)  + CEXP!-Y))P2 

RETURN 

END 
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* CniU'S.FTN  2e-nAR-78  ll:eO:4a 


fBATCII 

:(!*:(  •(:*»!*»:»:<;**Sf^-r**S;*^:*:(i:**********>:**:f******S:*.r«:*3t:-r :<**** 

* PUOr.RAri  TO  rM.CIILAl'E  TRANSMISSION  COKKT IC I E.TIS  - 

* copviUGirr  joiin  g.  RPim  i jury  iott  * 

*■  lU'N  ON  INTIliU.VATA  7/;J2  FOIVniAN  V K 

Tins  PiW'GRAH  ACCEPTS  SPECIFIC  DATA  CONCERNING  THE  PROPERTIES 
OF  THE  MEDIUM  AND  INTERFACES,  CALCULATES  TilE  1 ni’ED.VICE-S  AND 
PRj’.SSURES  AT  THE  INTEILACES.  DK-n;RMINr.S  THE  RATIO  OF  I'lrE 
PRESSURES  AT  THE  iUCnRMES . CONVEUIS  D)  I N RE'':  1 TY,  V(D 
CAI.CULAIES  THE  INi'ENS  ITY  TRANSMISSION  COEFF ! G lEUF  DUE  TO 
THE  irU'ED.AiNGE  MIS/LVTCH.  TilE  1 RWSM ISS  ION  LOSS  DUE  TO  oC/ni 
THE  AHSURPTION  ,\ND  THE  REFLECTION  .'JilE  CALCULATED  TOGEI'IRH. 
THE  FREOUENGY  VS.  THE  T.IVNSMISS  ION  GOEFF IC  I ENT  IS  PKIN  ITD 
AND  PLOTTED  IN  CILAPU  FO-'JI. 


VARIABLES  USED: 

WINTER  = NUMBER  OF  INTERFACES 
INTER  = NirmiR  + 1 <;VT  INDEX  VALUE) 

L INTER  = N INTER  - KAN  INDEX  V'U.Ui;) 

ClIRIfil'I  I)  - ARRAY  OF  CRARACTERISTIC  IMPEDANCES 
SPEED!  I)  = ARRAY  OF  SPEED  OF  SOU'C)  IN  flI':DIA 

li:n!;th(  1)  = array  of  ..enghi  of  the  medi  a 

DBLOSS(I)  = DEGIHELYCT  LOSS  IN  .'IEDH  T 

LOSFAC(I)  = LOSS  FACTOR  FOR  EAC  .'lEDIA 

F(I)  = FREE-UTCNCY  OF  THE  ULTRASOUND 

AGTirilMI)  = ACTUAL  rfl/'CDRVCE  OF  iUE  I.NTILRFACE 

I)IPED(  I)  = COMPLEX  IMPEDANCE  Or'  THE  .lEDIU'IS 

PRESUIH  I)  = PRESSIHIE  AT  THE  INT'ERF  ACE 

PHKI)  = Ti:Ml*ORARY  VARIABLE 

X'rcMP . ZTEMi' . TEMl’  = TE-H'ORARY  VARI.ABLES 

WAVNUM  = WAVE  NU.TRER 

CAHnA(I)  = TEMPORARY  VARIABLE 

PROD  = PRODUCT  OF  TTIE  PRESSURE  RATIOS 

TRNSPR  = TEAIPORARY  VALUE  OF  Tl’A  VSCOEF. 

INTENS!  I)  = INTEiiSITY  TRANSMISSIO.T  COEFFICIENT 
N.'jlEI  I)  = HAMF.  OF  TIIV;  DATA  FILE  TO  HE  READ 
TITLE!  I)  = TITl.F  OF  TIH’,  CRV^II  TO  BE  PLOTI'ED. 

NOTES!!)  = NOTES  TO  ."E  M.AI)E  ON  THE  GRAPH! SITU NG) 

NGHAJIT  = NUMBER  !)F  GlIARACT:',;uS  IN  TITT.E 
NCH,ARN  = NU?D3ER  OF  Gil  ARAG  HERS  I '(  NOT':'. 

XNOTE.YHOTE  = COORD  I NATOS  OF  THE  NOTE 
X = X-COOIU)INATE  FOR  CENTLRING  TI’TOE 

LOGICAI.  DEVICES  USED: 

3 - CONSOLE 

6 - LINE  PRirm.R 

VERSATO;C  used  to  plot  data  - REQ'JIRF-S  F3RTLVI  I 

7 - DATA  FILE 

FUNCTIONS  USED; 

ARCOTIHX)  = ARC  RyPFIWOUC  COTAj'HH'.NT  O'.  A COMPLEX  NUMBER 
COTTI'X)  = IPYl'ERBO'.'C  COTANGENT  OF  A COMPLEX  NUMBER 

cosn!X)  = ryperhoeIC  cosine 


Lfc 


PAGE  I 


THIS  PAGE  IS  BEST  QUALITY  FRACIICABLa 
PML>M  COFI  EURMSHiAi  lU  LLiC  


174 


GBR25 . FTn 


20-I1AR-7a  I 1 : «8 : 57 


PACE  2 


Diwi  nsio;^  SPEE0(25)  .DHLOJiSf  25)  .CminP(2n)  ,LOSFAC(25)  , 
*NAn!'.(0)  , NOTES ( 12) 

oom.KX  c'.Mi'i.At  10)  .a<:timp(  lO)  iT.np.rnK  lo)  .pr::sur(  io) 

* . PROD. EOTII, COSH. '\UCOT;i.  nU;si’K,7.T.-:M!*,  l.'IPEIX  10) 

RFA).  INTEKSC  125)  . LOSS.  LEnCTIK  10)  . I- ( 125) 

INTF.CF.R  TITLF.C  12) 

DATA  Pl/a.  1415>)2004/ 

C 

C RE.'VD  in  THE  nA'IE  OF  mu  DATA  FILE  AND  OPEN  THE  FILE. 

C 

vmiTE(5.900) 

900  10!C'-.T(  ’LrriER  THE  D\TA  FILE  NA^flEI  3A4)  ’ ) 

READ!  5.905)  ( .N.\flE(  1)  . 1=  1 .3) 

905  F0aTAT(2.'.4) 

C 

CALL  OPEN  W 7 . N/VIE  .1.0.0,  STATUS  ) 

C 

C READ  in  THf;  VARIABLES  TO  BE  USED 
C 

READ(7.9I0)  NINTER 
910  FORSyn  12' 

iniER  - rilHTER  + 1 

REA!)(7.9)5)  (CBRirn’I  I)  , 1=  1,  INTER) 

915  FORTivn  io;:a.2) 

HF:ADi  7.915)  ( SPEED)  I ) , I = 1 . I NTER) 

REAi){7,92:))  ( LENCTiU  D , I = 2.niiTrEn) 

920  FORUAT) IOF5.3) 

READ)  7. 920)  ( DBLOSS)  1)  , 1=  1 . inTi:n) 

READ)7.925)  ( LOSFAC) I) . 1= 1 , INTER) 

925  FOIL'l.AT)  1012) 

C 

C ST,\RT  OUTER  LOOP  TO  GALCIfLATE  mANSfllSSION  COEFFICIENT  FOR 
C A SPECIFIC  Fr.E<iUEnCY. 

c 

DO  10  1=1. 121 

F(  I)  = 0.475E6  + I * O.025n6 
C 

C CALCULATE  THE  COFIPLEX  IMPEDANCES  OF  THE  MEDIUMS. 

C 

00  15  J=  1 . irtTER 

WAVWUM  = 2.0  PI  * F)  I) /SPEED) J) 

IF(LOSFAC( J) .Ea.2)  GO  TO  40 
DB  = DBLOSS) J)  * F) l)/l .0E+O6' 

GO  TO  50 

40  DB  = DBLOSS)  J ) * ) F)  I ) / 1 . 0E+06 ) *S:2 

50  CONTI HI  E 

ALPHA  = DB/8.68 

GA.E>L\)J)  = CMPLX) -ALPHA,  WAVtUM) 

XlErn*  = 2 PI  * F)  I)  s CHR L'D').!) /SPEED) J) 

IMPED(J)  = C;iPLX(0.0,XTE111’)/CAM.L\)  J) 

15  CONTINUE 

C 

C INITIALIZE  THE  FIP.ST  IM7'EDANf:E  AT  INTERFACE. 

C 

ACTiraUI)  = IMPED)  I) 

c 
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C CALCUI,ATE  THE  PRESSURE  RATIOS  AND  IMPE')AKCF*S  AT  INTERl-’ACES 
C 

DO  20  J = 2,NirnT.R 

ZTEMl'  = A(n'I.'IP(.J-!)/'ini’E»(J) 

PUK.J)  = AliCOTIKZTEm’J 

TF.rii’  = I’liKJ)  - (CAnriAC J)  ^ LENcnKj)) 

ACTirii’(.i)  = t;oTii(Ti;rir)  * ir!PKD(j) 

PRESUH(J-l)  = COSFKPIIH  J))/COSil(  TEMP) 

20  CONTINUE 
C 

C CAECUEATE  THE  PRODUCT  OF  TRE  PRESSURE  RATIOS  TO 
C GET  HIE  RATIO  AT  DIE  EXHtEflES. 

C 

E INTER  = N INTER  - 1 
PROD  = PRESUIU  1) 
iF(  LINn.ll.EO.  1)  GOTO  130 
DO  30  .1  = 2.  L INTER 

PROD  = PROD  * PRESUR(J) 

30  CONTINUE 

C 

130  CONTINUE 
C 

C CALCULATE  THE  TOTAL  LOSS  DUE  TO  ABSORPTION  AND  TRANS. 

C 

TRNSPR  = PROD  (2.0  Nc  ACT  1 M?  ( N I NTllR)  ) X ( ACT  1 :TP  ( N I NTER)  + 

* IMPEDt INTER) ) 

INTENS(I)  = CAiiS(  TRNSPR)  *i’:2  :t:  RI':AL(  1 riPED(  I NTER)  ) X 

* R(':al(  )riPED(  i> ) 

10  CONTINUE 

C 

wniTF.(5,965) 

963  FOIUIATC ’ RANT  DATA  PRINTED  (Y.N)’) 

Rf;AD(3,970)  NDATA 
970  FOIUIATC  A 1 ) 

IF( NDATA . EQ. ’ N’ ) GO  TO  20C0 
C 

C PRINT  OITT  THE  DATA  TO  CHECK 
C 

WR  rrE(  6 . 1 030 ) N 1 NTER 

1030  FORAIATC  l.H’.  ’ NUrUiER  OF  INTERFAC'^S  = ’.14) 

WRITE!  6 . 1 040)  ' ClIRI  .'1P(  I ) . I = I . . N'n’.R) 

1040  FOIGIATC  IX, ’CHARACTl.Pa.^TIC  irD’EDAN'JE  =’.I0E10.2) 

WRITE!  6 , 1030)  ( SPEED!  I ) . 1=  I , I NTF:!!) 

1030  FOFC:\T(  IX. ’SPEED  OF  SOUND  = ’ , lOE 1 0 . 2) 

WRITE!6,  1060)  ( LF.rNFTlK  I)  , l = 2.rUNTER) 

1060  FOa’iAT!  IX. ’LENGTH  OF  IN’n;ilI''ACE  =’.10F7.3) 

WRITE!  6.  1070)  (DHEOSS!  I)  . 1=  1,  iri'PER) 

1070  FORU/VT!  IX,  ’.UECIPEE  l.O.SS  ’.10E7.3) 
vai  I TE!  6 , 1 030)  ( EOSF  AC!  I ) . I = 1 , I NTER) 

1000  FOaUAT! IX. ’LOSS  FACTOR  = ’,1014) 

C 

WRITF.!  6,930) 

930  rOiLTAT!  ’ 1 ’ . ’ FlUCQUENCY’  , 1 IX.  ’ niANSiTISS  ION  COEFFICIENT’  ,//) 
C 

DO  70  1=1,121 

WRITi;!6,935)  F!  I)  , INTERS!  I.' 
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935  FORNATt IX. 1PE10.2. 1 1X.OPF8.4) 

70  CONTINUE 

C 

2000  CONTINUE 

C 

C 

C CONVERT  niE  FREQUENCIES  TO  rUTZ  FOR  PLOTTINC. 

C 

DO  EO  1= 1 . 121 

F( 1)  = F( I)/l.0E+06 
80  CONTINUE 

C 

C PLOT  THE  DATA  ON  VT.P^ATEC 
C 

REAI)(7,955>  SCALE 
955  FOilI‘:\T(F5.2) 

CALL  MODE! 1 , 9999 . . SCAXE. 9999 . ) 

READ! 7 , 960)  KOKFST, VOFFST 
960  FOIL'iATl  2F3 . 2 ) 

CALL  nODE( 2 , 9999 . , 9999 . , XOFFST) 

CALL  riODEl  3 , 9999  . , 9999  . . YOFFST) 

CALL  nODEia, 0.5, 0.5. 9999. > 

CALL  nODEt  9 . 0 . 0 . O . : 2.3 . 9999  . ) 

CAIX  DRAW!  F . 1 NTENS . ; 2 1 . 4'<'  I ) 

CALL  .AXES(  13.  1 FR:;Ql'ENCY~miZ’ .24.3, ’TRANSMISSION  COEFFICIENT’) 
CALL  !TnDE(4.0.  15,0.  1,9999.) 

C 

C PLOT  THE  TITLE  IF  RANTED 
C 

READ(7.940)  ( TITLE!  I ) , 1=  1 , 12) 

940  FORMAT!  12A4) 

IFITITLE! 1) .EO. ’ ’ ) GO  TO  100 

READ!  7, 943)  NCIIART 
945  FOFi.L'.AT(  12) 

X = 3.5  - !NCUART  * 0.15)/2.0 
CALL  NOTE!  X,  a. -3.  TITLE,  NCIIART) 

C 

100  CONTI  NUT. 

C 

C PLO'"  ROTES  IF  WANTED 
C 

READ!7.940)  ! ROTES! I ) . 1= 1 , 12) 

IF! NOTES! 1 ) , EO. ’ ’ ) GO  TO  90 

READ!  7, 945)  NCRARN 
READ! 7, 950)  XNOTE.YNOTE 
950  FORMAT!  2F1>.  2) 

CALL  H0DE!4.0. 10,0.075.9099.) 

CALL  ROTE!  .XN01 E . YNO  TE . .N!)TES,  NCHARN) 

GO  TO  100 
C 

90  CONTINUE 
C 

C CLOSE  niE  PLOTS 
C 

CALL  DRAW! O. ,0. , 1.9000) 

CALL  DRAW! 0.0,0, 9999 ) 


r 
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STOP 

END 

C 

C LIST  OF  THE  FimCTIOHS 
C 

COMPLEX  FUHCTIOT  ARCOTHl  X) 

COMPLEX  ARCOTILX 

ARCOTII  = CLOG(  (X+1.O)/(X-1.0)  )/2 

RETUHW 

END 


COilPLEX  FUNCTION  COTH(  X> 

COMPLEX  COTH.X.CEXP 

COTH  = (CEXP(X)  + CEXP(-X)  I/ICEXPIX) 

RETURN 

END 


CEXP(  -X) ) 


•BEND 


COMPLEX  FUNCTION  COSHCY) 

COMPLEX  COSH.Y.CEXP 

COSH  = (CEXPIY)  + GEXP(-Y))/2 

RETURN 

END 
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Table  A1 


SUMMARY  DATA  FOR  RADIATION  ALONE  SERIES  NO.  1 
100  RADS  AT  37C  INCUBATE  IMMEDIATELY 


MET AP BASES 

SCORED  400 

MITOTIC  INDEX 

10.0 

NUMBER  OF 
ABERRATIONS 

ABERRATION 

FREQUENCY 

ABERRATION 
STANDARD  ERPJ)R 

FRAGMENTS 

60 

0.200 

0.022 

MINUTES 

10 

0.025 

0.008 

DICENTRICS 

29 

0.072 

0.013 

CENTRIC  RINGS 

2 

0.003 

0.004 

DELETIONS 

SO 

0.  125 

0.018 

EXCHANGES 

31 

0.077 

0.014 

ABERRANT  CELLS 

84 

0.210 

0.023 

300  RADS  AT  37C  INCUBATE  IMMEDIATELY 

HETAPHASES 

SCORED  6 18 

MITOTIC  INDEX 

6.8 

NUMBER  OF 
ABERRATIONS 

ABERR^T10N 

FREQIJEKCY 

ABERRATION 
STANDARD  ERROR 

FRAGMENTS 

618 

1.009 

0.040 

MINUTES 

93 

0.  ISO 

0.016 

DICENTRICS 

267 

0.432 

0.026 

CENTRIC  RINGS 

21 

0.034 

0.007 

DELETIONS 

238 

0.385 

0.025 

EXCHANGES 

288 

0.466 

0.027 

ABERRANT  CELLS 

421 

0.681 

0.0.33 

Table  A1  (Contd.) 


SUMMAny  DATA  FOR  RADIATION  ALONE  SERIES  NO.  1 
( CONTI  nw:d) 

geo  rads  at  37c  incubate  immediately 


NETAPHASCS 

SCORED  155 

MITOTIC  INDEX 

2.0 

NUMBER  OF 
ABERRATIONS 

ABERRATION 

FREttUlii'lCY 

ABERRATION 
STANDARD  ERROR 

fragments 

287 

1.852 

0.  109 

MINUTES 

71 

0.458 

0.054 

DICENTRICS 

134 

0.863 

0.075 

CENTRIC  RINGS 

12 

0.077 

0.022 

DELETIONS 

86 

0.555 

0.060 

Eia:BARGES 

146 

0.942 

0.078 

ABERRANT  CELLS 

142 

0.916 

0.077 
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Table  A2 


SUMMARY  DATA  FOR  RADIATION  ALONE  SERIES  NO.  2 


300  RADS  INCUBATE  IMMFJIIATELY 

METAPHASES  SCORED  106 

MITOTIC  INDEX 

9.6 

NUMBER  OF 

ABERRATION 

ABERRAT 

ABERRATIONS 

•FREaUENCY 

STANDARD  1 

FRAGMENTS 

86 

0.811 

0.087 

MINUTES 

IS 

0.  142 

0.037 

DICENTRICS 

48 

0.453 

0.065 

CENTRIC  RINGS 

7 . 

0.066 

0.023 

DELETIONS 

24 

0.226 

0.046 

EXCHANGES 

35 

0.519 

0.070 

ABERRANT  CELLS 

67 

0.632 

0.077 

300  RADS  INCUBATE  AFTER  30  MINUTES  DELAY  AT  37C 

METAPHASES  SCORED  100  MITOTIC  INDEX  8.0 

NUMBER  OF  ABERRATION  ABERRATION 


ABERRATIONS 

FREttUENCY 

ST.AND.AHD  1 

FRAGMENTS 

78 

0.780 

0.088 

H NUTES 

19 

0.  190 

0.044 

DICENTRICS 

45  • 

0.450 

0.067 

CENTRIC  RINGS 

4 

0.040 

0.020 

DELETIONS 

20 

0.200 

0.045 

EXCHANGES 

49 

9.490 

0.070 

ABERRANT  CELLS 

59 

0.590 

0.077 
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Table  A2  (Contd.) 


SOnriARY  DATA  FOR  RADIATION  ALONE  SERIES  NO.  2 
(CONTINUED) 


300  RADS  INCUBATE  AFTER  2 HOURS  DELAY  AT  37C 


METAPHASES 

SCORED  120 

MITOTIC  INDEX 

10.2 

NUMBER  OF 
ABERRATIONS 

ABERRATION 

FREOVENCY 

ABERRATION 
STANDARD  ERROR 

FRAGMENTS 

101 

0.842 

0.084 

MINUTES 

17 

0.  142 

0.034 

DICENTRICS 

38 

0.483 

0.063 

CENTRIC  RINGS 

1 

0.000 

0.008 

DELETIONS 

38 

0.317 

0.031 

EXCHANGES 

39 

0.492 

0.064 

ABERRANT  CELLS 

80 

0.667 

0.073 

300  RADS  INCUBATE 

AFTER  6 HOURS  DELAY  AT  37C 

METAPHASES 

SCORED  98 

MITOTIC  INDEX 

8.3 

NUMBER  OF 
ABERRATIONS 

ABERRATION 

FREttUENCY 

ABERRATION 
STANDARD  ERROR 

FRAGMENTS 

80 

0.816 

0.091 

MINUTES 

19 

9.  194 

0.044 

DICENTRICS 

48 

0.490 

0.071 

CENTRIC  RINGS 

1 

0.010 

0.010 

DELETIONS 

2« 

0.263 

0.032 

EXCHANGES 

49 

0.300 

0.071 

ABERRANT  CELLS 

63 

0.643 

0.081 
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Table  A3 


SUIBIARV  DATA  FOR  ULTRASOUND  AND  IONIZING  RADIATION  FOR  300  RADS 
300  RADS  INCUBATE  IIIMEDIATELY  CONSOLIDATED  VALUE  (SEOUENCE  1) 


METAPHASES 

SCORED  618 

MITOTIC  INDEX 

6.8 

NUMBER  OF 
ABERRATIONS 

ABERRATION 

FRf:aUEfIGY 

.ABERR/.TION 

ST.ANDAIU)  EimOR 

FRAGMENTS 

618 

1.000 

0.040 

1 

1 

MINUTES 

93 

0.  150 

0.016 

DICENTRICS 

267 

0.432 

0 . 026 

1 

J 

CENTRIC  RINGS 

21 

0.034 

0.007 

J 

4 

J>ELETIONS 

238 

0.333 

0.02.3 

i 

EXCI!ANGES 

288 

0.466 

0.027 

i 

ABERRANT  CELLS 

421 

0.681 

0.033 

1 

i 

300  RADS  IMMEDIATELY  AFTER  30  MINUTES  ULTRASOUND 

(SEQUENCE  2) 

PIETAP  BASES 

SCORED  19 1 

MITOTIC  INDEX 

2.3 

i 

NUMBER  OF 
ABERRATIONS 

ABERRATION 

FREQUENCY 

ABEPvRATION 

STANDARD  ERROR 

FRAGMENTS 

188 

0.984 

0.072 

M NUTES 

20 

0.  105 

0.023 

i 

DICENTRICS 

77  • 

0.403 

0.046 

1 

1 

CENTRIC  RINGS 

8 

0.042 

0.013 

i 

DELETIONS 

69 

0.361 

0.043 

EXCHANGES 

85 

0.44.> 

0.048 

ABERRANT  CELLS 

135 

0.707 

0.061 

1 

I 


Table  A3  (Contd.) 


SUMMARy  DATA  FOR  ULTRASOUND  AND  IONIZING  RADIATION  FOR  000  RADS 
(COUTIHULD) 


300  RADS  SIMULTANEOUS  VITO  ULTRASOIR^D  ( SEQUFJICE  3) 

METAPHASES  SCORED  200  MITOTIC  INDEX  0.0 


NUMBER  OF 
AEEIUUTIONS 

ABERRATION 

FREiiUENGV 

ABERRATION 
STAiNDVRl)  E.'IJIOR 

FRAGMENTS 

266 

1.330 

0 . 0132 

MINUTES 

29 

0.  145 

0.027 

DICENTRICS 

115 

0.575 

0.054 

CENTRIC  RINGS 

6 

0.030 

0.012 

DELETIONS 

08 

0.490 

0 . 049 

EXCILANCES 

121 

0.605 

0.055 

ABERRANT  CELLS 

161 

0.805 

0.063 

300  RADS  SIMULTANEOUS 

WITH  30  MINUTES  ULTR.ASOUND 

(SEQUENCE  4) 

METAPHASES  SCORED  506 

MITOTIC  INDEX 

6.7 

NUMBER  OF 
ABEIUIATIONS 

ABERRATION 

FlU:OUE?!CY 

ABERRATION 
STAND, \iU)  ERROR 

FRAGMENTS 

647 

1.279 

0.050 

MINUTES 

105 

0.208 

0.020 

DICENTRICS 

323 

0.638 

0.036 

CENTRIC  RINGS 

24 

0.047 

0.010 

DELETIONS 

161 

0.318 

0.025 

EXCHANGES 

347 

0.686 

0.037 

ABERRANT  CELLS 

300 

0.75  1 

0.039 
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Table  A3  (Contd.) 


SUMflMW  DATA  FOR  ULTRASOUND  AND  IONIZING  RADIATION  FOR  300  RADS 
(COriTINULD) 


300  RADS  S I MULT  ANKOUS  WITH  45  mNinT,S  UI.TRASOUND  ( SEQUKNGF,  5* 
MET,\rnASFS  SGORJJ)  157  MITOTIC  INDEX  1.0 

NUMDEU  OF  AI5::fUl.ATION 


ABF.IJLATION 


ABERRA r I ONS 

KREUUENCY 

STAND  VilD 

FRACMf’.NTS 

195 

1.242 

0.089 

MINUTES 

20 

0.  127 

0.028 

DICENTRICS 

93 

0.592 

0.061 

CENTRIC  IUN(;S 

6 

0.033 

0.016 

DELETIONS 

63 

0.401 

0.051 

EXCHANGES 

99 

0.631 

0.063 

ABERRANT  CELLS 

98 

0.624 

0.063 

300  RADS  S I MltLTANEOUS  WITH  60  MINUTES  UI.TRASOUND  ( SEQUENC?:  6) 
METAPHASES  SCORED  125  MITOTIC  INDEX  1.0 


NUMBER  OF 


ABE'IRATION 


ABERRATION 


ABERRATIONS 

Fai’.'iUE.NCY 

STATIDAIUi 

r’UCMF.NTS 

176 

1 . 403 

0.  106 

MINUTES 

«8 

0.  144 

0.004 

DICENTRICS 

GO 

0 . 640 

0.072 

CEN'miC  RINGS 

7 

0 . 056 

0.021 

DELE'IIONS 

56 

0.448 

0.060 

EXCI'ANCES 

87 

0.696 

0.075 

ABEIULAiT  CELLS 

103 

0.824 

0.081 

{ 
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1 

Table  A3  (Contd. ) 


SUfPI'VIlY  DATA  Foil  ULTILASOUND  AND  IONIZING  RADIATION  FOR  000  RADS 
(COMTNUl.D) 


300  RADS  IflMEDIATELY  BEFOllF.  30  l>IINim;S  UL’niASOIJND  (SEOUKNCF.  7) 
MF'-TARILASKS  SGOilED  166  MITOTIC  INDEX  4.0 


NUMEER  OF  ABERI'uAT  I ON  ARF.'mTION 


ABEIUIAITONS 

FRE<iUE'''C  Y 

sta:io.\,!.d 

frag'“if:nts 

181 

1.090 

8.031 

MiNuncs 

24 

0.  145 

0 . 030 

DICF.NTRIGS 

73 

0 . 440 

0.031 

CENTRIC  RINGS 

4 

0.024 

0.012 

DELETIONS 

82 

0.494 

0.035 

EXClli\NGES 

77 

0.464 

0.053 

ABERRANT  CELLS 

1 19 

0.717 

0 . 066 

e:gior 
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Table  A4 


SUMMAIiy  DATA  FOU 

ULTILASO’JND  AND  IONIZING  RADIATION  FOR  100  RADS 

100  ni\i>s  incuriATF.  i M’'n';D  i ato.y  core; 

SOLI  DATED  VALUE, 

(SEQUENCE  1) 

! SGORF.D  400 

MITOTIC  inde;x 

10.0 

NUMBER  OF 
ABElULVnONS 

ABEIUUATION 

FREOUENGY 

.ABERRATION 
STAiN'J.UU)  L.U'.OR 

FRACnESTS 

80 

0 . 200 

0.022 

MII'IltTF.S 

10 

0 . 025 

0 . 008 

DICF.NTRICS 

29 

0.072 

0.013 

CF.rrnuc  r{i."fGS 

0.003 

0 . 004 

DELETIONS 

30 

0.  125 

0.0  18 

EXOiANCES 

31 

0 . 077 

0.014 

ABEl'JUNT  CELLS 

84 

0.210 

0.023 

100  KADS  I rPTED  I ATELY  AFTER  30  ill  NOTES  ULTR-ASOUND 

(SEQUENCE  21 

METAFILASEt 

5 SCORED  200 

MITOTIC  INDEX 

3 . 0 

NUMBER  OF 
ABERRATIONS 

ABF.RRATION 

FRi:OUE.NOY 

ABERRATION 
STANDARD  EiUiOR 

FRAGMENTS 

39 

0.  193 

0 . 03 1 

Ml  (TTES 

0.010 

0.007 

DICENTRICS 

9 

0.045 

0.015 

CEN'nUC  RINGS 

0 

0.000 

0.000 

DELETIONS 

31 

0.  153 

0.028 

EXCHANGES 

9 

0 . 045 

0.015 

ABERRANT  CELLS 

39 

0.  19.5 

0.031 

( 
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Table  A4  (Contd. ) 


SUrTTAUY  DATA  FOH 

rn.TIlASOUNI)  AND  IONIZING  RADIATION 

1 FOR  lOO  R.A!)S 

(C<<ri  riNUKD) 

100  K'J3S  Si  m.'LTANEOUS  VITir  Ul/I  IIASOIJND  ( Sr:<ilJl':r)C;K  4) 

ranAPH.ASKS 

SGORI'.!)  200 

MITOTIC  INDEX 

7.5 

RUPB’.EK  OF 

AIE/L'LATION 

aberration 

ABEHJUTIOHS 

FiU:uUE:<CY 

STANL'Ara>  IBiROH 

FRACfiKriTS 

61 

0.305 

0 . 039 

FiirilSTES 

5 

0 . 025 

0.011 

CiCF.r.'TRiCS 

26 

0.  130 

0 . 025 

CKNTiVlC  UINGS 

3 

0.015 

0 . 009 

DFXF/I'IONS 

32 

0.  160 

0 . 020 

EXCHANGES 

2V 

0.  145 

0 . 027 

ABEr.rcAriT  cells 

60 

0 . 300 

0 . 039 

lOO  RADS  I?T?aCDIA'reLy  BEFORE  30  .*11  NOTES  iIL'nL*.SO'jND 

(SEQUENCE  7) 

PIET.'VP  RASES 

Sr.ORF'.D  200 

MITOTIC  IN BEX 

4.3 

NUMBER  OF 

ABERILATION 

AnF.;uLATH>'i 

ABElUUi  IONS 

FR'v'iUENCY 

STANDAi'D  EiuiOR 

FRAGMI-LNIS 

53 

0.265 

0 . 036 

MINUTES 

2 

0.010 

0 . 007 

DICERTIUGS 

22 

0.  1 10 

0 . 023 

CENTRIC  RINGS 

0 

0 . 000 

0.000 

DELETIONS 

34 

0.170 

0 029 

EXCHANGES 

22 

0.110 

0.023 

ABERILANT  CELLS 

51 

0.255 

0.036 

• 

C 
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Table  A5 


SUMPIARV  DATA  FOR  ULTRASOUND  AND  IONIZING  RADIATION  FOR  VARIOUS  INTENSITIES 

300  RADS  WITH  30 

MINUTES  AT  24C 

METAPHASES 

SCORED  330 

MITOTIC  INDEX 

8.8 

NUMBER  OF 
ABERRATIONS 

ABx'-RRATION 

Frj:auENCY 

ABERRATION 

STANDARD  ERROR 

FRAGMENTS 

206 

0.760 

0.047 

MINUTES 

36 

0.  103 

0.017 

DICENTRICS 

124 

0.334 

0.032 

CENTRIC  RINGS 

13 

0.037 

0.010 

DELETIONS 

102 

0.291 

0.029 

EXCILVNGES 

137 

0.391 

0.033 

ABERRi\NT  CELLS 

206 

0.539 

0.041 

300  RADS  SIMULTANEOUS  WITH  30  MINUTES  10?IW/CM*»!2 

ULTRASOUND 

METAPHASES 

SCORED  200 

MITOTIC  INDEX 

9.0 

NUMBER  OF 
ABERRATIONS 

ABERRATION 

FPEOUENCY 

ABERRATION 

STANDARD  ERROR 

FRAGMENTS 

167 

0.833 

0.065 

MINUTES 

26 

0.  130 

0.025 

DICENTRICS 

79 

0.395 

0.044 

CENTRIC  RINGS 

4 

0.020 

0.010 

DELETIONS 

70 

0.350 

0.042 

EXCHANGES 

83 

0.413 

0.046 

ABERRANT  CELLS 

132 

0.660 

0.057 
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Table  A5  (Contd.) 


SUm'JlY  DATA  Fon  ULTDASOUWD  AND  IONIZING  RADIATION  FOR  VARIOUS  INTENSITIES 
(CONTINUED) 


30e  RADS  SIMULTANEOUS  WITH  30  MINUTES  1 . 5W/Crt!t»2  ULTRASOUND 


METAP BASES 

SCORED  200 

MITOTIC  INDEX 

6.0 

NUMBER  OF 
ABERRATIONS 

ABERRATION 

FIUVIUENCY 

ABERRATIO.N 
STAJIU-ARD  ERROR 

FIViGMl!:NTS 

167 

0.835 

0.065 

MINUTES 

24 

0.  120 

0.024 

DICENTRICS 

80 

0.400 

0.045 

CENTRIC  nines 

4 

0.020 

0.010 

DELETIONS 

69 

0.345 

0.042 

EXOnANGES 

84 

0.420 

0.046 

ABERRANT  CELLS 

122 

0.610 

0.055 

300  RADS  SIMULTANEOUS  WITH  30  MINUTES  3.0W/cr!»*2 

U1.TRAS0UND 

METAPHASES 

SCORED  200 

MITOTIC  INDEX 

5.0 

NUMBER  OF 
ABERRATIONS 

ABERRATION 

FREttUENCY 

ABERP-ATION 
STANU.ARD  ERROR 

FRAGMENTS 

195 

0.975 

0.070 

MINUTES 

42 

0.210 

0.032 

DICENTRICS 

100 

0.500 

0.050 

CENTRIC  RINGS 

9 

0.045 

0.015 

DELETIONS 

59 

0.295 

0 . 038 

EXC RANGED 

109 

0.545 

0.052 
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Table  A6 


SUrOIARV  DATA  FOR  HEAT  AHD  IONIZING  RADIATION  FOR  30©  RADS 
300  RADS  INCUBATE  IMMEDIATELY  CONSOLIDATED  VALUE  (SEQUENCE  1) 
METAPHASES  SCORED  618  MITOTIC  INDEX  6.8 

NUMBER  OF  ABERRATION  ABERRATION 


ABERRATIONS 

FREQUENCY 

STANDARD  1 

FRAGMENTS 

618 

1.000 

0.040 

MINUTES 

93 

0.  150 

0.016 

DICENTRICS 

267 

0.432 

0.026 

CENTRIC  RIWCS 

21 

0.034 

0.007 

DELETIONS 

238 

9.385 

0.025 

EXCRAHCES 

288 

0.466 

0.027 

ABERRANT  CELLS 

421 

0.681 

0.033 

300  RADS  IMMEDIATELY  AFTER  30  MINUTES  AT  43G  (SEQUENCE  2) 
METAPHASES  SCORED  200  MITOTIC  INDEX  10.0 


FRAGMENTS 
Mir-  TES 
DICENTRICS 
CENiniC  RINGS 
DELETIONS 
EXCr..ANCES 
ABERRANT  CELLS 


NUMBER  OF 
ABERRATIONS 

199 

33 

86 

3 

90 

89 

142 


ABERRATION 

FREQUEi'ICV 

0.995 

0.  165 

9.430 

0.015 

9.450 

0.445 

0.710 


ABERRATIO.N 
STANDARD  ERROR 

0.071 

0.029 

0.046 

0.009 

0.047 

0.047 

0.060 


Table  A6  (Contd.) 


SUMHARY  DATA  FOR  HEAT  AJ1D  lORIZlHC  RADIATION  FOR  306  RADS 
(CONTINUED) 


360  RADS  AT  43C  INClfRATE  IMMEDIATELY  (SEQUENCE  3) 

METAPUASES  SCORED  149  MITOTIC  INDEX  3.6 


NUMBER  OF 
ABERRATIONS 

ABERRATION 

FREQUENCY 

ABERRATION 
ST.ANDARD  ERROR 

FRAGMENTS 

184 

1.235 

0.091 

MINUTES 

34 

6.  161 

0.033 

DICENTRICS 

87 

6.584 

6.063 

CENTRIC  RINGS 

7 

0.647 

0.018 

DELETIONS 

S3 

6.356 

0.049 

EXCHANGES 

94 

6.631 

0.065 

ABERRANT  CELLS 

II6 

6.738 

6.670 

366  RADS  SIMULTANEOUS 

WITH  36  MINUTES  AT  43C  (SEQUENCE  4) 

METAPHASES  SCORED  447 

MITOTIC  INDEX 

4.6 

NUMBER  OF 
ABERRATIONS 

ABERRATION 

FREQUENCY 

ABERRATION 
STANO.VRD  ERROR 

FRAGMENTS 

892 

1.324 

6.054 

MINUTES 

96 

6.261 

6.621 

DICENTRICS 

249 

6.557 

6.035 

CENTRIC  RINGS 

25 

6.656 

0.611 

DELETIONS 

2II 

0.472 

0.032 

EXCHANGES 

274 

6.613 

6.037 

ABEIUUNT  CELLS 

326 

6.729 

6.646 

Table  A6  (Contd.) 


SUIB1ARY  DATA  FOR  HEAT  ARD  IONIZING  RADIATION  FOR  300  RiVDS 
(CONTINUED) 


300  RADS  SIMULTANEOUS  WITH  43  MINUTES  AT  43C  (SEQUENCE  3) 
METAPHASES  SCORED  49  MITOTIC  INDEX  0. I 


NUMBER  OF 
ABERRATIONS 

ABERRATION 

FHCQUE.NCY 

ABKRRAT 
STANDARD  1 

FRAGMENTS 

71 

1.449 

0.  172 

MINUTES 

3 

0.  102 

0.046 

DICENTRICS 

33 

0.673 

0.  1 17 

CENTRIC  RINGS 

2 

0.041 

0.029 

DELETIONS 

22 

0.449 

0.096 

EXCHANGES 

33 

0.714 

0.  121 

ABERRANT  CELLS 

41 

0.837 

0.  131 

300  RADS  SIMULTANEOUS  WITH  60  MINUTES  AT  43C  (SEQUENCE  6) 
METAPHASES  SCORED  O MITOTIC  INDEX  0.0 


FRACIIENTS 

MINUTES 

DICENTRICS 

CENTRIC  RIN(;S 

DELETIONS 

EXCilANGES 


NUMBER  OF 
ABERRATIONS 

O 

o 

0 

o 

0 

o 

o 


ABERRATION 

FREQimNCY 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 


ABERRATION 
STANDARD  ERROR 

0.000 

0.000 

0.000 

e.ooo 

0.000 

0.000 


ABEIUIANT  CELLS 


0.000 


0.000 


194 


Table  A6  (Contd.) 


SUWIARV  DATA  FOR  HEAT  AHD  lOlfIZIIfC  RADIATIO.R  FOR  006  RADS 
( CONTI RUKD) 


360  RADS  IMMEDIATELY  BEFORE  30  MIRUTES  AT  43C  (SEQUERCF,  7) 


METAPHASES 

SCORED  200 

MITOTIC  INDEX 

8.3 

NUMBER  OF 
ABERRATIONS 

ABERRATION 

FREOUEi.CY 

ABERRATION 
STAND.VIID  ERROR 

FRAGMENTS 

198 

0.990 

0.070 

MI  HITES 

26 

6.  130 

0.025 

DICEMTRICS 

89 

0.443 

0.047 

CENTRIC  RINGS 

S 

0.025 

0.011 

DELETIONS 

70 

0.350 

0.042 

EXCHANGES 

94 

0.470 

0.048 

ABERRANT  CELLS 

137 

0.685 

0.039 
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Table  A7 


SUMMARY  DATA  FOR  HEAT  ARD  lORIZIRC  RADIATIOR  FOR  lOO  RADS 
100  RADS  INCUBATE  IMMEDIATELY  CONSOLIDATED  VALUE  (SEttUE.'ICE  I) 


METAPHASES 

SCORED  400 

MITOTIC  INDEX 

19.0 

NUMRER  OF 
ABERRATIONS 

iABERRATION 

FREQUENCY 

.ABERRATION 
STANDARD  EiUIOR 

FRACMERTS 

80 

a.  200 

0.022 

MINUTES 

10 

0.025 

0.000 

DICENTRICS 

29 

0.072 

0.013 

CENTRIC  RINGS 

2 

0.005 

0.004 

DELF-TIONS 

SO 

0.  125 

0.018 

EXCHANGES 

31 

0.077 

0.014 

ABERRANT  CELLS 

84 

0.210 

0.023 

100  RADS  IM?IEDIATELY  AFTER  30  MINUTES  AT  43C  (SEOUENCE  2) 

HETAPHASES 

SCORED  200 

MITOTIC  INDEX 

11.0 

NUMBER  OF 
ABERRATIONS 

ABERRATION 

FREQUENCY 

ABERRATION 
STANDARD  ERROR 

FRAGMENTS 

44 

0.220 

0.033 

MINUTES 

4 

0.020 

0.010 

DICENTRICS 

14 

0.070 

0.019 

CENTRIC  RINGS 

2 

0.010 

0.007 

DELETIONS 

30 

0.  150 

0.027 

EXCHANGES 

10 

0.080 

0.020 

ABERRANT  CELLS 

44 

0.220 

0.033 
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Table  A7  (Contd.) 


SOMMAnY  DATA  FOR  HEAT  AUD  IONIZING  RADIATION  FOR  100  RADS 
(CONTINUED) 


100  RADS  SIMULTANEOUS  WITH  30  MINUTES  AT  40C  (SEttUENCE  4) 


METAPHASES 

SCORED  200 

MITOTIC  INDEX 

5.3 

NUMBER  OF 
ABERRATIONS 

ABERRATION 

FREttUENCY 

ABERRATION 
ST.ANO.VRD  El\P.OR 

FRAGMENTS 

43 

0.215 

0.033 

MINUTES 

2 

0.010 

0.007 

DICENTRICS 

15 

0.073 

0.019 

CENTRIC  RINGS 

0 

0.000 

0.000 

DELETIONS 

31 

0.  153 

0.028 

EXCHANGES 

15 

0.073 

0.019 

ABERRANT  CELLS 

43 

0.213 

0.033 

100  RADS  IMMEDIATELY  BEFORE  30  MINUTES  AT  43C  (SEttUENCE  7) 

1 

1 

SCORED  200 

MITOTIC  INDEX 

6.0 

NUMBER  OF 
ABERRATIONS 

ABERRATION 

FREttUFJICY 

ABERRATION 
STANDA.-U)  EPJIOR 

FRAGMENTS 

44 

0.220 

0.033 

MINUTES 

4 

0.020 

0.010 

DICENTRICS 

19 

0.093 

0.022 

CENTRIC  RINGS 

1 

0.00.3 

0.005 

DELETIONS 

26 

0.  130 

0.025 

EIOIHANCF^ 

20 

0.  100 

0.022 

ABERRANT  CELLS 

46 

0.230 

0.034 
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Table  A8 


] 

i 


SUnriARY  DATA  FOR 

HEAT  AND  IONIZING 

RADIATION  FOR 

VARIOUS  TEMPERATURES 

30e  RAO:$  WITH  30 

MINUTES  AT  24C 

] 

flETAPHASES 

SCORED  sse 

MITOTIC  INDEX 

8.8 

1 

NUMBER  OF 

ABERRATION 

ABERRATION 

ABFaiBATIONS 

FREOUENCY 

STiUIDVBD  KlU?OR 

FRACMEHTS 

266 

0.760 

0.047 

( 

MIHt'TES 

36 

0.  103 

0.017 

1 

DICEfITRICS 

124 

0.354 

0.032 

1 

CEHTRIC  RINGS 

13 

0.037 

0.010 

DELETIONS 

102 

0.291 

0.029 

1 

EXCHANGES 

137 

0.391 

0.033 

ABERRANT  CELLS 

206 

0.589 

0.041 

see  RADS  WITH  se  i 

MINUTES  AT  30C 

HETAPBASES 

SCORED  192 

MITOTIC  INDEX 

8.6 

HUMBER  OF 

ABERRATION 

ABERRATION 

ABERRATIONS 

FREOUEKCY 

STANDARD  ERROR 

FRACriENTS 

168 

0.875 

0.068 

MnUTES 

27 

0.  141 

0.027 

DICENTRICS 

87 

0.453 

0.049 

CENTRIC  RINGS 

8 

0.042 

0.015 

DELETIONS 

S2 

0.271 

0.038 

EXC1L\NGES 

9S 

0.495 

0.051 

ABERRANT  CELLS 

128 

0.667 

0.059 
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Table  A8  (Contd.) 


SUMMARY  DATA  FOR 
(CONTINUED) 

HEAT  AND  IONIZING 

radiation  for 

VARIOUS  TEMPERATURES 

300  RADS  WITH  30 

MINUTES  AT  37C 

METAPHASES 

I SCORED  618 

MITOTIC  INDEX 

6.8 

NUMBER  OF 
ABERRATIONS 

ABERRATION 

FRZftUENCY 

iXBERRATION 

STAND.XRD  ERROR 

FRACMEHTS 

61B 

1.000 

0.040 

MIWUTES 

93 

0.  150 

0.016 

DICEWTRICS 

267 

0.432 

0.026 

CENTRIC  RINGS 

21 

0.034 

0.007 

DELETIONS 

238 

0.385 

0.025 

EXCHANGES 

288 

0.466 

0.027 

ABERRANT  CELLS 

421 

0.681 

0.033 

300  RADS  WITH  30 

MINUTES  AT  43C 

METAPHASES 

SCORED  447 

MITOTIC  INDEX 

4.0 

NUMBER  OF 
ABERRATIONS 

ABERRATION 

FREGUENCY 

ABERR.AT10N 

STANDARD  ERROR 

FRAGMENTS 

892 

1 .324 

0.054 

MINUTES 

90 

0.201 

0.021 

DICENTRICS 

249 

0.557 

0.035 

CENTRIC  RINGS 

28 

0.056 

0.011 

DELETIONS 

211 

0.472 

0.032 

EXCHANGES 

274 

0.613 

0.037 

ABERRANT  CELLS 

326 

0.729 

0.040 
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Table  A9 


i 


SUMMARY  DATA  FOR  COMPARISOW  OF  ALL  300  RADS  AT  37C  INCUBATE  IMMEDIATELY 


CONSOLIDATED  VALUE 


METAP EASES 

SCORED  6 18 

MITOTIC  INDEX 

6.8 

NUMBER  OF 
ABERRATIONS 

ABERRATION 

FREOUENCY 

ABERRATION 
STANDARD  EiUtOR 

FRAGMENTS 

618 

1.000 

0.040 

MINUTES 

93 

0.  150 

0.016 

DICENTRICS 

267 

0.432 

0.026 

CENTRIC  RINGS 

21 

0.034 

0.007 

DELETIONS 

238 

0.385 

0.025 

EXCHANGES 

208 

0.466 

0.027 

ABERRANT  CELLS 

421 

0.681 

0.033 

CONTROL  VALUE  NO. 

1 

METAPHASES 

SCORED  200 

MITOTIC  INDEX 

6.5 

NUMBER  OF 
ABERR/\T10NS 

ABERRATION 

FREQUENCY 

ABERRATION 
STAND, ARD  ERROR 

FRAGMENTS 

201 

1.005 

0.071 

MINUTES 

31 

0.  155 

0.028 

DICENTRICS 

83 

0.415 

0.046 

CENTRIC  RINGS 

7 

0.035 

0.013 

DELETIONS 

80 

0.400 

0.045 

EIXC  RANGES 

90 

0.450 

0.047 

ABERRANT  CELLS 

135 

0.675 

0.058 
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Table  A9  (Contd. ) 


SUMMARY  DATA  FOR  COMP ARISON  OF  ALL  300  RADS  AT  37C  INCUBATE  IMMEDIATELY 
(CONTINUED) 


CONTROL  VALUE  NO.  2 

METAPHASES  SCORED  77 

NUMBER  OF 


MITOTIC  INDEX  4.0 


ABERRATION 


ABERRATION 


ABERRATIONS 

FHEUUENCY 

STAND,\FJ)  i 

FRAGMENTS 

60 

0.779 

0.  101 

MINUTES 

10 

0.  130 

0.041 

DICENTRICS 

27 

0.351 

0.067 

CFJrrRIC  RINGS 

1 

0.013 

0.013 

DELETIONS 

27 

0.351 

0.067 

EXCHANGES 

28 

0.364 

0.069 

ABERRANT  CELLS 

44 

0.571 

0.086 

CONTROL  VALUE  NO. 

3 

HETAP BASES 

SCORED  141 

MITOTIC  INDEX 

5.0 

NUMBER  OF 
ABERRATIONS 

ABERRATION 

FREQUENCY 

ABERRATION 
STAND.VHD  ERROR 

FRAGMENTS 

146 

1.035 

0.086 

MINUTES 

32 

0.227 

0.040 

DICENTRICS 

67 

0.475 

0.058 

CEN'miC  RINGS 

10 

0.071 

0.022 

DELETIONS 

55 

0.390 

0.033 

EXCHANGES 

77 

0.546 

0.062 

ABERRANT  CELLS 

106 

0.752 

0.073 

Table  A9  (Contd. ) 


SUimj\RY  DATA  FOR  CONPARISOH  OF  ALL  300  RADS  AT  37G  IHCUBATE  IIDIEDI ATELY 
(COWTIKOED) 


CONTROL  VALUE  NO.  4 


METAPHASES 

SCORED  200 

MITOTIC  INDEX 

12.0 

NUMBER  OF 
ABERRATIONS 

ABERRATION 

FREQUENCY 

ABERRAT 
ST.WID.ARD  1 

FRAGMENTS 

211 

1.035 

0.073 

MINUTES 

20 

0.  100 

0.022 

DICENTRICS 

90 

0.430 

0.047 

CBU^miC  RINGS 

3 

0.015 

0.009 

DELETIONS 

76 

0.380 

0.044 

EXCHANGES 

93 

0.463 

0.048 

ABERRANT  CEI.LS 

136 

0.680 

0.058 

